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Abstract

Effective ventilation remains one of the most critical determinants of safety, productivity, and
environmental stability in modern underground mining. Traditional ventilation planning relies heavily
on periodic manual surveys, fixed gas sensors, and static airflow models that struggle to capture the
dynamic and spatially heterogeneous behavior of underground atmospheres. These limitations become
more pronounced as mines extend deeper, encounter more complex geometries, and manage higher
levels of particulate generation and gas emissions. Recent advances in autonomous drone technologies
provide a transformative opportunity to modernize ventilation engineering by enabling continuous,
high-resolution atmospheric diagnostics across active and inaccessible workings. Drone-enabled
atmospheric tracking allows real-time measurement of air velocities, temperature gradients, and
turbulence patterns, revealing airflow stagnation zones and recirculation pockets that conventional
methods may overlook. Particulate-mapping capabilities further enhance situational awareness by
identifying spatial dust-load variations, PMio/PM2.s concentrations, and respirable dust hotspots
associated with haulage activity, blasting residues, and equipment emissions. Integrated hazardous-gas
detection using methane, carbon monoxide, nitrogen oxides, and oxygen sensors enables rapid
identification of localized gas layering, trapped pockets, and buildup zones that pose immediate
operational risks. When fused with digital-twin ventilation platforms, drone-derived datasets support
predictive modelling of airflow failures, gas migration trajectories, and dust-ignition scenarios. This
dynamic integration enables ventilation-on-demand optimization, improved auxiliary fan placement,
and data-driven adjustments to ventilation circuits. Ultimately, drone-enabled atmospheric sensing
offers a paradigm shift from intermittent measurements to continuous, spatially rich ventilation
intelligence. By modernizing hazard prediction and enhancing mine-wide airflow management, this
approach lays the foundation for safer, more adaptive, and energy-efficient underground ventilation
systems.
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Introduction

1.1 Importance of Ventilation Efficiency in Modern Mines

Ventilation efficiency is central to the operational reliability, safety, and environmental
performance of modern underground mines, where the movement of fresh air must
counteract heat, particulates, and hazardous gases generated by equipment and geological
processes M. As mines expand deeper and become more mechanized, heat loads from diesel
engines, battery-electric machinery, and geological gradients intensify, requiring ventilation
systems that can adapt to rapidly changing conditions 2. Effective ventilation ensures that
oxygen levels remain stable, contaminants stay below occupational thresholds, and airflow
pathways remain unobstructed as production faces advance 1. Poorly optimized ventilation
contributes to energy waste, increased fan demand, and significant operating costs
ventilation can represent more than half of a mine’s total energy consumption in deep
operations . Additionally, ventilation efficiency directly influences worker health by
mitigating exposure to respirable dust, toxic gases, and thermal stressors. Localized airflow
stagnation or stratified gas pockets can form in complex geometries such as stopes, blind
headings, or abandoned drifts, creating high-risk zones that traditional monitoring systems
Corresponding Author: may overlook I As regulatory expectations tighten and automation expands, achieving
Lukman A Alabede highly responsive ventilation control is becoming essential for maintaining both short-term
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1.2 Limitations of Conventional Ventilation Surveying
and Gas Monitoring

Traditional ventilation assessment methods rely heavily on
handheld anemometers, fixed-position gas sensors, and
intermittent manual inspections, all of which restrict spatial
and temporal coverage in highly dynamic underground
environments . Handheld measurements provide only
point-in-time readings and require personnel to enter
potentially hazardous areas where gas concentrations or dust
loads may fluctuate unpredictably ], Fixed gas monitors
offer continuous readings but only at predefined locations,
leaving blind spots in remote headings, newly blasted zones,
or unventilated cavities where dangerous accumulations
may develop [,

Furthermore, conventional surveying cannot capture real-
time airflow complexity caused by equipment movement,
changing ventilation circuits, or localized recirculation
events. Gas layering such as methane accumulation near the
back or CO buildup along stagnant pockets may go
undetected between inspections 1. The episodic nature of
manual measurements also limits their usefulness for
predictive modeling or ventilation-on-demand systems,
which depend on high-resolution spatial data. These
limitations collectively highlight a need for more
comprehensive, mobile, and continuous atmospheric
monitoring solutions (1%,

1.3 Emergence of
Diagnostics
Drone-enabled  atmospheric  diagnostics  offer a
transformative  alternative by combining  mobility,
autonomy, and multi-sensor payloads capable of monitoring
airflow, particulates, and gas concentrations in real time [,
Equipped with gas-sensing arrays, thermal sensors,
particulate counters, and micro-climate modules, drones can
navigate complex underground geometries and collect data
in areas inaccessible or unsafe for human surveyors '], Their
ability to fly through drifts, raises, and stopes while
capturing spatially continuous measurements enables high-
fidelity mapping of airflow gradients, gas stratification, and
dust-load variability [,

Autonomous navigation systems including SLAM, visual-
inertial odometry, and airflow-resilient flight control allow
drones to operate effectively in GPS-denied, dusty, and
turbulent mining environments ©l. When integrated with
mine ventilation models, drone-derived datasets support
dynamic recalibration of airflow networks and strengthen
early detection of hazardous gas pockets or dust
concentrations 1. As mines seek to enhance safety and
energy efficiency, drone-enabled diagnostics are emerging
as a cornerstone of next-generation ventilation planning and
environmental monitoring I,

Drone-Enabled  Atmospheric

2. Atmospheric Sensing and Drone Navigation
Foundations
2.1 Core Atmospheric Sensing Modalities for

Underground Ventilation Analysis

Accurate atmospheric monitoring in underground mines
requires sensor systems capable of capturing gas
concentrations, particulate loads, micro-climate variations,
and airflow dynamics under harsh and highly variable
conditions. Drone-based atmospheric sensing platforms
integrate multi-modal  instruments to  continuously
characterize ventilation pathways and identify hazardous
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atmospheric anomalies that conventional methods often
miss 1. These sensing modalities must function in
environments with high dust concentrations, low visibility,
turbulent airflow, and rapidly shifting micro-climates, all of
which influence sensor fidelity and the interpretation of
ventilation behavior.

Gas-sensor arrays form the backbone of underground
atmospheric  diagnostics by  quantifying hazardous
concentrations of methane, carbon dioxide, nitrogen oxides,
and oxygen depletion. Particulate sensors complement this
function by mapping dust dynamics, identifying PMio/PMa.s
hotspots, and monitoring the distribution of respirable dust
across haul roads and production zones Y. Micro-climate
sensors further refine atmospheric understanding by
capturing temperature, humidity, and localized airflow
variations that affect gas layering and particulate suspension
(]

The integration of these sensor modalities creates spatially
dense ventilation data that significantly enhances the
resolution of airflow models and risk assessments. Such data
enables early identification of gas-accumulation pockets,
recirculation zones, and dust-rich regions where ventilation
is insufficient. Real-time sensor fusion algorithms combine
gas, particulate, and micro-climate  measurements,
generating robust environmental profiles that support
predictive modelling and rapid ventilation adjustment [*5],
Drone deployment expands the reach of atmospheric
sensing into confined, inaccessible, or newly blasted areas
where fixed monitors cannot be installed. By collecting
synchronized datasets during flight, drones help expose
dynamic interactions between airflow direction shifts, dust
distribution patterns, and hazardous gas migration—
interactions that are often missed by stationary sampling
methods [2. As underground ventilation grows more
complex, drone-enabled atmospheric sensing is becoming
an essential diagnostic tool for enhancing safety, regulatory
compliance, and energy-efficient ventilation planning [,

2.1.1 Gas-Sensor Arrays for Methane, CO:, NO;, and O:
Tracking

Gas-sensor arrays deployed on drones detect key
atmospheric hazards by measuring concentration gradients
of methane, carbon dioxide, nitrogen oxides, and oxygen
levels across ventilation circuits . Methane sensors
identify explosive pockets near backfilled stopes or poorly
ventilated headings, while CO- sensors detect buildup from
diesel equipment or geological emissions. NOx tracking
highlights combustion by-products in haulage areas, and
oxygen sensors identify depletion zones associated with
leakage or inadequate airflow 101,

Because gas layering occurs vertically and along irregular
contours, mobile sensing provides more accurate
characterization than fixed monitors. High-resolution spatial
sampling allows drones to pinpoint stratified zones where
methane accumulates near the back or heavier gases settle
closer to the floor. This mobility also enables responsive
monitoring following blasting, equipment movement, or
ventilation disturbances 141,

2.1.2 Particulate and Dust-Concentration Sensors (PMao,
PM_.5, Respirable Dust)

Particulate sensors measure airborne dust concentrations,
capturing PMio, PM2.s, and respirable dust particles that
contribute to long-term health risks and operational hazards
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. Underground mining processes such as drilling,
mucking, blasting, and material hauling generate complex
dust clouds that traditional point-based systems struggle to
quantify. Drone-mounted PM sensors provide continuous
dust-load mapping along haul roads, production faces,
crusher chambers, and crosscuts, generating spatial heat
maps of particulate behavior 3,

These sensors incorporate laser-scattering or optical
particle-counting technologies, making them sensitive to
dust composition and size distribution. By analyzing particle
density gradients and dust-flow direction, drones help
identify ventilation bottlenecks or stagnant pockets where
respirable dust accumulates. This data enables improved

http://www.computersciencejournals.com/ijcai

placement of auxiliary fans and informs dust-suppression
strategies [*51,

2.1.3 Micro-Climate Sensors for
Humidity, Airflow Patterns

Micro-climate sensors capture temperature, humidity, and
airflow velocity—parameters that influence gas dispersion
and dust suspension 1. Temperature and humidity readings
reveal stratification layers, while airflow measurements
detect turbulence or recirculation patterns. When
synchronized with gas and particulate data, micro-climate

readings significantly improve atmospheric interpretation
[16]
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Fig 1: Overview of Key Atmospheric Sensors Used in Drone-Based Ventilation Monitoring

2.2 Navigation Algorithms for Confined, Turbulent
Airflow Zones

Stable drone navigation in underground mines requires
algorithms capable of compensating for turbulence, dust
interference, irregular geometry, and GPS absence.
Navigation frameworks combine visual-inertial odometry,
LIiDAR-SLAM, and adaptive flight-control systems to
maintain precise localization while collecting atmospheric
data [,

Airflow turbulence caused by auxiliary fans, temperature
gradients, and duct leaks destabilizes drone posture, making
navigation challenging.  Algorithms must therefore
dynamically filter out vibration noise, directional shifts, and
sensor drift to maintain stable atmospheric sampling paths
U, Low visibility, caused by dust or poor lighting,
compromises feature detection for visual navigation,
requiring redundancy with inertial and LiDAR-based inputs
[14]

As drones travel through stopes, crosscuts, and ventilation
raises, SLAM algorithms build real-time environmental
maps while updating drone position. Airflow disturbances
can distort readings, so adaptive logic adjusts control gains,
throttle, and pitch to ensure stable flight despite turbulent
conditions [, Together, these navigation techniques enable
continuous  atmospheric tracking even in complex
ventilation corridors.

2.2.1 Visual-Inertial Navigation and SLAM Constraints
in Dust-Rich Air

Visual-inertial navigation systems fuse camera imagery with
inertial measurements to estimate drone motion, but dust
clouds reduce feature visibility and impede visual tracking
(13 SLAM frameworks similarly face challenges when
particulate densities scatter light or obscure depth cues. To
mitigate these limitations, drones rely more heavily on
inertial integration, LiDAR-based geometry, and robust
sensor-fusion filters that maintain localization during
visibility loss 1. Combined, these redundancies ensure
stable data acquisition during navigation in dust-rich
environments 231,

2.2.2 Airflow-Adaptive Flight Control for Turbulent
Ventilation Corridors

Airflow-adaptive control systems modify drone speed,
heading, and thrust in response to turbulence created by
fans, pressure drops, and thermal convection [l These
algorithms detect airflow direction changes and adjust flight
dynamics to avoid drift or oscillation during atmospheric
sampling.  Adaptive  controllers ~ compensate  for
unpredictable gusts in narrow drifts and around corners,
enabling consistent sensor readings even in unstable
ventilation zones (1%,

By stabilizing the platform, airflow-adaptive control
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improves accuracy of gas and particulate measurements
collected during flight.

2.3 Environmental and Operational Constraints on
Atmospheric Data Accuracy Environmental conditions
strongly influence sensor fidelity, data interpretation, and
drone performance. Dust, fog, gas layering, and airflow
disturbances all affect the precision of atmospheric
modeling 1. Likewise, battery limitations, temperature
extremes, and vibration loads impact sampling continuity
and sensor stability [*2. Understanding these constraints is
essential for designing reliable atmospheric-monitoring
missions and interpreting drone-derived datasets.

2.3.1 Impact of Dust, Fog, and Gas Stratification on
Sensor Fidelity

Dust and fog scatter infrared and optical signals, reducing
PM-sensor accuracy and degrading gas-sensor response
times [, Gas stratification creates vertical concentration
gradients that require multi-altitude sampling for proper
characterization . These factors must be corrected through
calibration and multi-layer mapping [61,

2.3.2 Battery, Temperature, and Vibration Effects on
Flight and Sensor Stability

High temperatures accelerate battery drain, while cold
conditions reduce power output. Mechanical vibration from
turbulent airflow interferes with sensor readings and inertial
measurements M1, Robust damping, thermal management,
and flight-path optimization mitigate these impacts [*°1,

3. Drone-Enabled Atmospheric and Particulate Mapping
Workflows

3.1 Principles of Atmospheric
Stratification Mapping

Accurately mapping atmospheric flow and gas stratification
in underground mines is essential for understanding how
ventilation systems respond to dynamic production
activities, geological constraints, and environmental
disturbances. Drone-enabled atmospheric sensing provides a
three-dimensional view of air movement, allowing
engineers to evaluate how gases disperse, settle, or become
trapped in complex underground geometries that traditional
fixed monitors cannot adequately characterize [61. Gas
behavior underground is influenced by temperature
gradients, airflow velocities, rock-mass porosity, and
pressure differences along interconnected drifts. These
factors create stratified layers where gases of different
densities accumulate at varying heights, forming hazardous
pockets undetectable using single-point sampling 141,
Drones equipped with multi-gas arrays, micro-climate
sensors, and inertial navigation systems enable continuous
sampling while traversing multiple altitudes and pathways.
This mobility is critical in identifying vertical and horizontal
concentration gradients, airflow reversals, and leakage
zones. By analyzing the spatial continuity of gas
measurements, it becomes possible to reconstruct airflow
vectors and identify how methane, carbon dioxide, and

Flow and Gas-
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nitrogen oxides migrate through stopes, headings, or
abandoned workings [,

Drone-based atmospheric mapping allows real-time
interpretation of ventilation inefficiencies. Recirculation
zones where contaminated air cycles instead of being
exhausted can be pinpointed through thermal and velocity
anomalies, while stagnation pockets become visible through
minimal particulate displacement or low oxygen flux [2],
These insights support targeted deployment of auxiliary
fans, improved duct placement, and optimization of
ventilation-on-demand systems. As mines deepen and
ventilation  circuits become increasingly = complex,
atmospheric flow mapping emerges as a foundational tool
for predictive ventilation planning and hazard reduction [?2,
3.1.1 Computational Reconstruction  of  Gas
Concentration Gradients

Computational reconstruction techniques process drone-
acquired gas concentrations into detailed three-dimensional
distribution models. Algorithms interpolate discrete
measurements along flight paths to identify spatial
continuity, revealing how concentration gradients evolve
around corners, through ramps, and across stope geometries
(171, Multi-layer interpolation integrates thermal and airflow
data to correct for temperature-driven buoyancy effects that
influence gas layering.

These reconstructions allow engineers to visualize methane
accumulation near backs, CO: pooling along floor
depressions, and NOx dispersion around diesel equipment
routes. By linking gradients to ventilation flows,
computational models highlight where airflow dilution is
insufficient or misaligned with gas migration patterns %%,
This information improves predictive accuracy in
ventilation simulations.

3.1.2 Detecting Stagnation Zones, Recirculation Pockets,
and Thermal Layers

Stagnation zones arise when airflow velocity is insufficient
to transport gases or dust, causing contaminants to
accumulate in localized pockets. Drones detect these zones
by tracking minimal changes in particulate density and weak
airflow  vectors identified through  micro-climate
measurements 2%, Recirculation pockets occur when air
loops back toward the intake, often caused by poorly
positioned auxiliary fans or geometric restrictions. They
manifest as repeated oscillations in gas readings and thermal
fluctuations along a drone’s flight path 241,

Thermal layers form when temperature gradients stratify air
masses, causing light gases to rise while heavier gases settle.
Drone-mounted thermal sensors visualize such layers,
revealing  overlooked hazards—such as  methane
accumulating near ceilings or CO. along footwalls.
Identifying these layers is crucial for adjusting fan speeds
and optimizing duct extension strategies [,

Together, stagnation, recirculation, and thermal-layer
detection provide the baseline for evaluating ventilation
effectiveness and ensuring atmospheric safety.
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Table 1: Atmospheric Indicators Relevant to Ventilation Efficiency and Their Drone-Derived Metrics

Atmospheric Indicator

Ventilation Relevance

Drone-Derived Metrics

Primary Sensor
Modalities

Methane Concentration

Identifies explosive atmospheres; reveals
layering and accumulation near backs and

Concentration gradients;
altitude-based CHa profiles; rate

Gas-sensor arrays; micro-

supply; signals blockage or leakage

time; stope-level variation

(CH) closed headings of accumulation climate modules
. Indicates ventilation deficiency or diesel COZ. plume emfnt; floor-level Gas-sensor arrays; multi-
Carbon Dioxide (CO2) I pooling profiles; temporal CO- - f
accumulation; reveals stagnant zones rise altitude sampling
‘ . Tracks diesel exhaust dispersion; _ Nox_dlstrlbutlon.maps; Gas-sensor arrays; airflow-
Nitrogen Oxides (NOy) measures ventilation dilution recirculation markers; short-term -
. . sensing packages
effectiveness spikes
. Identifies areas with insufficient fresh-air| O depression zones; dilution | O: sensors; micro-climate
Oxygen Depletion (Oz)

sensors

Particulate Load (PMio /
PMb:.s / Respirable Dust)

Determines dust exposure risk; informs
dust-control and filtration strategies

Dust-density heat maps;
particulate transport vectors;

Laser-based PM sensors;
optical particle counters

concentration spikes

Airflow Velocity ventilation bottlenecks

Controls contaminant dilution; identifies

Velocity vectors; turbulence
signatures; flow-reversal
indicators

Airflow sensors; VIO-
assisted trajectory mapping

Temperature Gradient thermal convection

Drives buoyancy, gas layering, and

Thermal-layering maps; heat-
flux boundaries; warm-air rise
profiles

Thermal sensors; micro-
climate packages

Humidity Distribution
performance

Influences dust suspension and equipment]

Humidity contours; condensation
patterns; moisture-driven dust
adhesion

Micro-climate sensors;
multispectral imaging

Turbulence &

Recirculation Signatures inefficient airflow

Causes contaminant cycling and

Vorticity patterns; oscillating
particulate signatures; flow-loop
detection

Airflow sensors; inertial
data; LiDAR-assisted
SLAM

Pressure Variability detection

Determines fan performance and leakage

Pressure-drop maps; duct-
leakage indicators; pressure-front
movement

Micro-climate/pressure
sensors; airflow modules

3.2 Particulate Distribution and Airborne Dust-Load
Mapping

Airborne particulates represent a major health and
operational hazard in underground mines, especially in areas
affected by blasting, hauling, and mucking operations.
Drone-based particulate mapping captures the spatial
distribution of PMio, PM2.5, and respirable dust, enabling a
level of granularity unattainable with fixed sampling
stations 2%, Dust distribution is influenced by airflow
velocity, equipment movement, and rock fragmentation

patterns.
By synchronizing particulate measurements with airflow
data, drones help identify the sources, transport

mechanisms, and settling behavior of dust clouds. Heat
maps generated from drone surveys highlight regions with
elevated particle densities often near crusher chambers,
loading bays, or heavily trafficked haul roads. These
insights allow engineers to improve dust-suppression
strategies, redirect airflow, or install targeted filtration
systems in dust-prone areas [*41,

Drone-enabled dust mapping also supports compliance
monitoring by detecting respirable dust exceedances before
they accumulate to hazardous levels. As mines adopt
battery-electric vehicles, changes in particulate generation
patterns can be tracked to optimize ventilation recalibration
and fan-energy consumption 2, Ultimately, particulate
mapping enhances both worker safety and environmental
performance.

3.2.1 PM Sensor Calibration, Drift Correction, and Dust
Signal Interpretation

Accurate particulate mapping requires robust calibration of
PM sensors to correct for drift caused by temperature,
humidity, and varying particulate composition. Drone-
mounted PM sensors often employ laser-scattering or
optical particle-counting mechanisms sensitive to dust
density and size distribution 161, Drift correction algorithms
compare baseline measurements with real-time sensor
outputs, compensating for signal degradation from dust
coating or airflow turbulence 4. Interpreting dust signals
also involves analyzing particle-size clusters, which reveal
whether dust is generated by hauling, blasting, crushing, or
drilling activities. These factors ensure reliable dust-load
interpretation.

3.2.2 Identifying High-Risk Airborne Dust Zones Along
Haul Roads and Stopes

High-risk dust zones often emerge along haul roads where
equipment movement stirs up settled dust or generates new
emissions. Drones detect these zones by mapping particle
concentrations along repeatable flight paths, identifying
temporal spikes linked to activity cycles (€],

Stopes and production faces also generate intense localized
dust clouds during drilling and blasting. Drone surveys
visualize these plumes and show how particulate matter
disperses along ventilation corridors, revealing whether
auxiliary fan placement effectively prevents dust
recirculation 24, Such mapping supports targeted mitigation
such as installing additional dust scrubbers or adjusting blast
timing.
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Fig 2: Drone-Generated Particulate Heat Map with Dust-Load Hotspots Across Active Workings

3.3 Integrating Atmospheric Maps into Ventilation
Models

Integrating drone-acquired atmospheric and particulate
maps into mine ventilation models enhances both accuracy
and predictive capability. Traditional models rely on static
assumptions about airflow resistance, gas emission rates,
and dust behavior; drone-derived data allows dynamic
recalibration that reflects real operating conditions [*°],
Atmospheric maps reveal where airflow velocities fall short
of predicted values, enabling engineers to adjust resistance
factors or redesign duct routes. Dust maps indicate where
particulate settling is insufficient, informing improved
filtration or misting strategies [*°1. Gas-stratification layers
update buoyancy models, ensuring simulations correctly
represent how temperature-driven density variations
influence airflow 22,

These integrated updates lead to more precise simulation
outcomes, more energy-efficient fan operation, and
enhanced safety outcomes.

3.3.1 Updating Airflow Network Models (Ventsim,
VnetPC) with Drone Data

Ventilation modeling software such as Ventsim or VnetPC
can incorporate drone-derived datasets to update airflow
networks. Drone data replaces generic estimates with real
measurements of airflow velocities, temperature profiles,
and dust pathways 171,

These updated models improve leak detection, optimize
duct extensions, and enhance auxiliary-fan placement
strategies.

3.3.2 Improving Fan-Demand Forecasts and Ventilation-
on-Demand (VoD) Control

Ventilation-on-Demand depends on accurate real-time
inputs for fan-speed control. Drone-derived atmospheric
maps refine VoD algorithms by providing high-resolution
gas and dust data that identify zones needing increased
dilution or airflow 2%,

This leads to improved energy efficiency, reduced fan

demand, and rapid response to hazardous atmospheric
events.

4. Digital-Twin Ventilation Models and Predictive
Analytics

4.1 Multi-Source Data Fusion for Real-Time Ventilation
Digital Twins

Digital twins for mine ventilation require integrated datasets
capable of reflecting real-time atmospheric behavior,
particulate movement, and gas-migration patterns. Drone
systems  deliver multi-source  data streams  gas
concentrations, dust loads, micro-climate variables, and
airflow vectors collected continuously and spatially across
complex underground geometries %31, Unlike conventional
ventilation inputs, which rely on sparse fixed monitors or
periodic manual readings, drone-derived datasets provide
dense and dynamic measurements that allow digital twins to
mirror actual underground conditions with high fidelity.
This fusion process begins with the alignment of disparate
datasets into coherent geospatial frames. Gas, particulate,
temperature, and airflow data often exhibit differing
sampling rates and noise characteristics; therefore, fusion
algorithms apply temporal smoothing, drift correction, and
spatial interpolation to harmonize measurements before
ingestion into the twin [, Real-time synchronization
ensures that variations in methane accumulation, dust-cloud
dispersion, or airflow turbulence are captured as they unfold
rather than inferred retrospectively.

Once fused, these datasets support temporal analysis across
multiple flight missions. Digital twins compare historical
and current measurements to identify trends, detect
emerging hazards, and refine predictive models. The
combined data allows the system to evaluate how
production cycles, blasting events, equipment movement,
and ventilation adjustments influence atmospheric
conditions throughout the mine [?21,

Fusion also facilitates anomaly detection. Deviations from
expected patterns such as sudden temperature spikes,
unexpected airflow stagnation, or particulate surges are
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flagged as potential ventilation instabilities. Drone-enabled
multi-source fusion thus forms the analytical backbone of
real-time digital twins, ensuring they remain accurate,
responsive, and capable of forecasting atmospheric changes
crucial for operational safety and energy efficiency [?71,

4.1.1 Combining Gas, Particulate, Airflow, and Micro-
climate Data

The integration of gas, dust, airflow, and micro-climate
measurements provides a holistic representation of
underground atmospheric behavior. Gas sensors quantify
methane, CO2, NOy, and O: levels, revealing concentration
gradients and hazardous layering zones [°. Particulate
sensors identify PMio, PMas, and respirable dust
distributions, capturing changes tied to production intensity
or ventilation bottlenecks.

Airflow and micro-climate sensors interpret the movement
of heat, humidity, and pressure along drifts and stopes,
exposing turbulent regions or recirculation pathways. By
aligning these datasets in time and space, digital twins gain
insight into interactions among atmospheric hazards such as
particulate suspension driven by airflow, or methane rising

http://www.computersciencejournals.com/ijcai

into warm thermal layers 21, This synergy strengthens
stability assessments and ventilation planning.

4.1.2 Machine-Learning Models for Predictive
Ventilation Instability

Machine-learning models leverage fused drone-derived
datasets to identify patterns associated with ventilation
instability. These models analyze correlations linking
airflow drops, gas accumulation rates, particulate surges,
and thermal anomalies to detect early indicators of system
failure 28, Deep-learning architectures such as LSTM
networks and graph-based spatiotemporal models learn
evolving atmospheric signatures, enabling predictions of
methane buildup, dust-cloud formation, or stagnation zones
before they fully develop 24,

Predictive outputs feed directly into the digital twin,
allowing both automated alerts and simulated responses.
Over time, the machine-learning models refine their
accuracy by continuously retraining on new drone data,
improving their ability to recognize instability precursors
under varying production conditions and seasonal
ventilation patterns [2°1,

Table 2: Predictive Ventilation Hazards and Their Required Drone-Derived Inputs

Predictive Ventilation

Hazard Description / Mechanism

Primary Sensor

Required Drone-Derived Inputs Modalities

Airflow Reversal

Contaminated air moves toward intake
pathways due to pressure imbalance or fan

Airflow sensors; micro-

Airflow velocity fields; pressure-front climate modules:

gradients; turbulence signatures

malfunction VIO/SLAM
Methane Layering and |Lighter gas rises and forms explosive layers| Multi-altitude CHa profiles; thermal |Gas sensors (CHa); thermal
Accumulation near backs or high-ceiling voids buoyancy markers; accumulation rate sensors
CO: Pooling and Floor- |Heavy gases settle in depressions, dead-end|CO: depth profiles; floor-level mapping;| CO: sensors; airflow
Level Heaviness headings, or collapsed zones stagnant-air indices Sensors

NOx and Diesel-Plume
Surges

Emissions from mobile equipment
accumulate under insufficient dilution

Spatial NOy distribution; short-term
concentration spikes; airflow obstruction
patterns

Gas sensors; airflow
modules

Dust-Cloud Propagation
and High-Risk PM Zones

Extensive PMio/PM..s clouds traveling
through haul roads, stopes, or crusher areas

PM heat maps; particulate vortex
identification; transport vectors

Laser PM sensors; optical
particle counters

Thermal Convection and

Hot-air pockets trap gases, alter airflow,

Heat-Dome Formation and increase instability risk

Thermal layers; gradient boundaries;
convection-flow patterns

Thermal imaging; micro-
climate sensors

Air movement becomes insufficient to
dilute contaminants

Ventilation Stagnation
Zones

Low-velocity pockets; minimal
particulate displacement; zero-flow
detection

Airflow modules; PM
Sensors

Contaminated air loops rather than

Recirculation Pockets .
exhausting properly

Oscillating velocity patterns; particulate
oscillation signatures; temperature
oscillations

Airflow sensors; inertial
sensors; thermal modules

Duct Leakage and Pressure

Loss ducts, weakening supply routes

Unintended airflow escapes ventilation

Pressure-drop mapping; airflow
divergence; leakage-source triangulation

Micro-climate sensors;
airflow modules

Localized Ignition-
Potential Conditions

High dust concentrations + thermal
anomalies + oxygen-rich micro-zones

Dust density; heat-flux hotspots; O
spikes

PM sensors; thermal
SCNSOrs,; 02 sensors

4.2 Simulation of Ventilation Failure Modes and Hazard
Propagation

Digital-twin environments simulate how ventilation-system
failures propagate through interconnected drifts, stopes, and
raises. These simulations incorporate drone-derived
atmospheric datasets to reduce reliance on assumptions and
to better reflect real geometric, environmental, and
operational constraints %1, When turbulence, duct leaks, or
equipment blockages alter airflow pathways, the twin
simulates the resulting redistribution of gases and particulate
matter.

Failure-mode simulation examines risks such as airflow
reversals, where contaminated air flows toward intake
routes, exposing workers to harmful gases or dust. Digital
twins also model gas buildup where methane or CO-

collects in high-ceilinged stopes or dead-end headings,
influenced by temperature gradients and airflow restrictions
I3, For fire-prone environments, the twin evaluates dust-
ignition potential by combining particulate density data with
thermal signatures and airflow velocity maps.

Propagation modeling evaluates how localized failures
expand into mine-wide hazards. A recirculation pocket
detected near a loading area may influence ventilation
routes Kilometers away, especially in deep or highly stope-
intensive operations. Digital twins thus function as
predictive ecosystems capable of tracing causal chains and
evaluating the cascading effects of ventilation disruptions
271, These insights inform emergency planning, equipment
deployment, and ventilation adjustments that prevent small
disturbances from escalating into operational crises [?°1,
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4.2.1 Modelling Airflow Reversals, Gas Buildup, and
Dust Ignition Potential

Airflow reversals often occur due to unexpected pressure
drops or altered fan performance. Digital twins simulate
these events using drone-derived airflow and pressure data,
predicting contaminated air migration along intake
pathways P4, Gas-buildup  modeling integrates
concentration gradients and buoyancy effects to assess
methane or CO: accumulation in stagnant areas. Dust-
ignition analysis incorporates particulate density, thermal
anomalies, and airflow vectors to identify conditions
conducive to combustion or explosion 21,

4.2.2 Real-Time Scenario Forecasting Using Digital-
Twin Ventilation Engines

Real-time forecasting engines allow supervisors to test
“what-if” scenarios. Using drone-fed datasets, digital twins
simulate the consequences of equipment relocation, fan-
speed changes, production shifts, or blasting events 24,
Forecasts include how gas clouds disperse, which routes
particulates follow, and where airflow stagnation may occur
under modified conditions.

Visual dashboards display evolving hazard zones and allow
operators to adjust parameters dynamically. This capability
significantly enhances strategic planning, enabling mines to
evaluate ventilation performance under future states rather
than relying solely on historical data 2%,

Scenario
Simulation
Gas Sensors
Dust Sensors
Climate Sensors
i R
Atmospheric D'Q'_ta|
Data Twin
—— S
—_—
. Hazard
Prediction
—

Fig 3: Digital-Twin Workflow Integrating Drone Atmospheric
Data for Ventilation Hazard Prediction

4.3 Drone-Driven Ventilation Performance Optimization
Drone-derived atmospheric intelligence supports targeted
ventilation optimization strategies that reduce energy
consumption while improving worker safety. By identifying
pressure losses, airflow leaks, and stagnant zones, drone
data enables more precise fan-placement decisions and duct-
extension designs 1, Atmospheric heat maps improve
understanding of how air circulates throughout the mine,
enabling operators to adjust ventilation routes or eliminate
unnecessary airflow duplication.

By supporting ventilation-on-demand (VoD) systems, drone
datasets allow real-time ventilation adjustments based on
actual contaminant levels, equipment activity, and
production needs B%. This results in substantial energy
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savings and improved air quality in high-traffic zones.

4.3.1 Optimizing Auxiliary Fan Placement and Duct
Extensions

Drones identify airflow obstructions, uneven pressure
distributions, and ineffective duct placement. These insights
ensure auxiliary fans and duct extensions are positioned
where they deliver maximum airflow improvement [,
Optimization improves dilution capacity and minimizes
recirculation pockets [#7,

4.3.2 Drone-Informed Ventilation-On-Demand Logic
and Automation

Drone-generated  atmospheric  datasets refine VoD
algorithms by providing real-time gas, particulate, and
airflow maps. These maps guide automated fan-speed
adjustments and targeted zone ventilation, reducing energy
consumption while maintaining safety ?2. Integration with
digital twins strengthens predictive control strategies,
supporting automated ventilation adjustments during
production shifts 2%,

5. Deployment Frameworks, Operational Integration,
and Regulatory Considerations

5.1 Mission Planning, Atmospheric Safety Protocols, and
Fleet Deployment

Deploying drones for underground ventilation monitoring
requires rigorous mission planning that balances
atmospheric safety, operational efficiency, and regulatory
compliance. Unlike surface environments, underground
mines present a mix of confined geometries, irregular
airflow, variable temperatures, and the presence of
combustible or toxic gases, conditions that demand an
integrated safety framework before a drone is cleared for
flight (281, Mission planning begins with detailed mapping of
ventilation circuits, including primary and auxiliary airflow
routes, pressure zones, and potential gas-accumulation
pockets. These maps guide the selection of flight corridors
that maximize atmospheric data capture while minimizing
risk from turbulence, obstructions, or air-pressure
fluctuations.

Pre-flight safety checks must address sensor calibration,
battery integrity, and environmental conditions. Gas sensors
are validated to ensure accurate detection of methane, CO-,
NO,, and oxygen variations, while particulate counters
undergo drift correction to prevent misinterpretation in dust-
rich drifts BY. Mission planners must also assess gas-
explosion potential, especially in areas where methane
concentrations vary with production cycles or blasting
events. To address this risk, drones require explosion-proof
casing, intrinsically safe electronics, and non-sparking
propulsion systems compliant with ATEX and MSHA
requirements 29,

Fleet deployment protocols incorporate redundancy to
ensure uninterrupted atmospheric sampling. Backup drones
are designated in case primary units lose communication,
encounter turbulence, or require emergency descent. Flight
scheduling is coordinated with production activities to avoid
interference with haul trucks, charging crews, or blasting
schedules that may influence ventilation flows. Finally,
centralized monitoring enables supervisors to track drone
position, battery status, and sensor performance in real time,
ensuring rapid intervention if conditions deviate from safe
operating limits 3%,
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511 Gas-Safe and Explosion-Proof Drone
Requirements (ATEX, MSHA)

Explosion-proof drone design is essential for safe operation
in methane-prone or dust-rich underground environments.
Gas-safe systems incorporate sealed electronics, reinforced
housings, and thermal-management mechanisms that
prevent heat accumulation capable of igniting flammable
gases 8. ATEX and MSHA certification standards require
rigorous testing of motors, wiring, propellers, and battery
systems to ensure they cannot generate sparks under
mechanical strain or electrical stress.

Intrinsic safety features also include insulated circuit
pathways, pressure relief vents, and low-energy operational
modes that limit fault-induced ignition risk. Sensors must be
shielded from particulate infiltration to avoid overheating or
cross-sensitivity that could trigger false readings during
critical ~ ventilation inspections 2.,  These design
requirements ensure drones can safely enter methane
pockets, post-blast zones, or poorly ventilated stopes
without elevating ignition hazards. Compliance strengthens
operational reliability while enabling atmospheric tracking
in regions inaccessible to personnel.

5.1.2 Multi-Drone Coordination for Large-Scale Airflow
Mapping

Large underground complexes benefit from coordinated
multi-drone operations that expand coverage, reduce
mapping time, and improve spatial resolution. Multi-agent
flight algorithms synchronize drone trajectories to prevent
collisions and minimize sensor interference from rotor-
generated airflow [B%. Coordinated deployment enables
simultaneous atmospheric sampling across multiple levels,
crosscuts, or ventilation branches, producing high-density
datasets essential for real-time digital-twin calibration [,
Shared communication channels allow drones to broadcast
hazard detections, airflow anomalies, or gas spikes to one
another, enabling dynamic mission reallocation when
conditions shift. Coordinated fleets can also execute staged
flights, where one drone performs high-altitude gas mapping
while another surveys floor-level particulate dispersion 31,
This multi-layered approach enhances ventilation modelling
accuracy and speeds up diagnostics following blasting or
equipment relocation.

5.2 Workforce Training, Ethical Implications, and Data
Governance

Widespread deployment of atmospheric-monitoring drones
requires a robust workforce-development framework that
ensures operators understand the technical, ethical, and
regulatory implications of drone-generated surveillance.
Ventilation engineers, drone pilots, and digital-twin analysts
must receive interdisciplinary training in sensor behavior,
flight safety, data fusion, and hazard interpretation (34,
Ethical considerations arise when drone systems collect
sensitive information related to worker location, operational
performance, or equipment condition. Mines must
implement access controls, encryption protocols, and
anonymization frameworks to protect worker privacy while
still enabling real-time hazard detection 281, Governance
policies must define who can access raw atmospheric
datasets, who may authorize drone flights, and how drone-
detected gas-event anomalies are documented and
communicated.
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Training programs must also address the limitations of
sensor technologies. Operators need to understand drift,
noise, and environmental bias factors that influence how
atmospheric signals should be interpreted within ventilation
models B4, As drones become more autonomous, training
will include supervisory control, mission-planning
oversight, and emergency intervention procedures that
ensure safe and responsible operation.

5.2.1 Data Sensitivity, Access Controls, and Gas-Event
Documentation

Drone-acquired atmospheric data may include gas-spike
events, worker proximity indicators, and operational
anomalies. Mines must therefore implement tiered access
controls, with sensitive datasets restricted to authorized
safety and ventilation personnel B3, Gas events must be
logged, time-stamped, and cross-referenced with ventilation
adjustments and production activity to support regulatory
compliance and forensic analysis 9.

5.2.2 Upskilling Ventilation Engineers and Drone
Technicians

Upskilling ensures teams can interpret drone-derived
ventilation datasets and operate advanced flight hardware
safely. Engineers receive training in atmospheric science,
data-fusion analytics, and digital-twin interpretation, while
drone technicians focus on hardware maintenance, sensor
calibration, and safe operation in hazardous atmospheres 29,
Joint training sessions strengthen collaboration and improve
hazard-mitigation workflows 2,

5.3 Economic and Operational Benefits of Drone-
Supported Ventilation Systems

Drone-enabled ventilation monitoring delivers substantial
operational savings and safety improvements by enhancing
airflow management, improving environmental awareness,
and reducing wasted fan energy. Traditional ventilation
surveys require labor-intensive inspections that expose
workers to hazardous atmospheres; drone automation
reduces this exposure while improving spatial coverage 34,
Atmospheric heat maps generated by drones lead to more
strategic fan operation, reducing frictional losses and
improving dilution efficiency.

Drone-driven ventilation intelligence strengthens emergency
response by detecting gas layering or airflow reversals
before they reach dangerous thresholds. These -early-
warning capabilities reduce downtime linked to unplanned
evacuations, equipment shutdowns, or post-incident
inspections. Moreover, highly resolved datasets allow mines
to optimize ventilation-on-demand systems, ensuring
airflow is delivered only where needed and reducing energy
consumption significantly 28],

5.3.1 Reduction in Survey Time, Labor Exposure, and
Emergency Inspections

By replacing manual inspections with automated drone
flights, mines reduce time spent entering hazardous
headings, methane-prone stopes, or dust-intensive
production areas. Drone surveys complete in minutes what
previously required hours, lowering labor costs and
minimizing worker exposure (31,

Faster hazard identification also reduces emergency-
inspection requirements following ventilation failures.
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5.3.2 Productivity Gains Through Optimized VoD
Systems and Reduced Downtime

Drone-informed VoD systems adjust fan speeds based on
real-time atmospheric demand, reducing energy waste and
enhancing airflow efficiency. Optimized ventilation reduces
overheating, dust accumulation, and gas buildup, preventing
production delays 1. Reduced downtime and more stable
environmental conditions directly contribute to improved
productivity and more predictable operational planning 281,

6. Conclusion and Future Directions

6.1 Summary of Drone Contributions to Ventilation
Engineering

Drone integration into underground ventilation engineering
represents a major technological shift, enabling mines to
transition from intermittent, labor-intensive atmospheric
monitoring to continuous, high-resolution environmental
intelligence. Their chief contribution lies in providing
spatially rich, real-time atmospheric datasets that overcome
the long-standing limitations of fixed sensors and manual
inspections. By carrying multi-gas arrays, particulate
counters, airflow modules, and thermal sensors, drones
generate comprehensive environmental maps that reveal
airflow behavior, gas layering, and dust-load variability
across complex geometries that traditionally remained
under-characterized. This capability is especially valuable in
deep mines, where turbulent airflow, thermal gradients, and
recirculation pockets complicate ventilation planning.
Drones enhance hazard identification by detecting methane
buildup, CO: pooling, NOy surges, and oxygen depletion in
areas inaccessible or unsafe for personnel. Their ability to
fly at different elevations exposes stratified zones that fixed
monitors routinely miss. Particulate mapping further
strengthens environmental control by identifying PMio,
PM..s, and respirable-dust hotspots that contribute to long-
term health risks and equipment contamination. When
integrated with micro-climate data including temperature,
humidity, and pressure these sensors generate a
multidimensional portrayal of atmospheric conditions.
Moreover, drones improve the operational responsiveness of
ventilation systems. Their data feeds real-time dashboards,
ventilation-on-demand algorithms, and digital-twin models,
enabling engineers to adjust fan speeds, redirect airflow, or
modify duct settings based on current contamination levels
rather than outdated assumptions. By reducing the need for
manual entry into hazardous zones, drones also strengthen
worker safety and free up skilled personnel for higher-value
engineering tasks. Overall, drones provide the analytical
clarity, spatial granularity, and operational agility required
to modernize underground ventilation engineering.

6.2 Long-Term Vision for Autonomously Regulated
Smart Ventilation Systems

The long-term evolution of drone-enabled ventilation
systems points toward fully autonomous, self-regulating
environmental networks capable of maintaining safe
atmospheric conditions with minimal human intervention. In
such systems, drones would act as continuous airborne
sensors, launching automatically at scheduled intervals or in
response to detected anomalies. These autonomous flights
would feed digital-twin ventilation engines that constantly
simulate airflow, gas dispersion, and dust propagation under
current and predicted operational conditions. As mines
deepen and become more mechanized, this closed-loop
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architecture will support ventilation systems that self-adjust
in real time.

Future ventilation networks will increasingly resemble
intelligent ecosystems where drones, fixed monitors, robotic
platforms, and Al-driven control hubs collaborate
seamlessly. Drones will no longer function only as mapping
devices but also as real-time verification tools that validate
model predictions, confirm fan performance, and detect
unexpected airflow disturbances caused by equipment
movement or geological changes. Their capacity for
adaptive navigation will allow them to operate in even the
most turbulent corridors, ensuring dependable data
acquisition under all conditions.

Predictive analytics will play a central role in this
autonomous vision. By recognizing early indicators of
airflow instability, thermal anomalies, or hazardous gas
trends, Al models will adjust ventilation flows before
thresholds are breached. This anticipatory approach will
reduce the likelihood of emergency evacuations, production
delays, and equipment shutdowns. Ventilation-on-demand
systems will become increasingly granular, modulating
airflow at the level of individual stopes or haul routes based
on drone-verified environmental needs.

Ultimately, a fully autonomous ventilation system will
deliver unparalleled safety, energy efficiency, and
operational resilience. Drones will serve as the sensory
backbone of this new paradigm, enabling mines to shift
from reactive environmental management to a proactive,
predictive, and self-optimizing ventilation strategy.
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