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and firefighters, with smoke inhalation responsible for around 85% of fire-related
deaths. The extreme temperatures of smoke can cause serious burns to the skin
and respiratory system, and extended exposure may lead to fatal injuries. To
address this hazard, the present study conducts a thorough experimental and
numerical analysis using Computational Fluid Dynamics (CFD) to enhance Smoke
Management Systems (SMS) in enclosed spaces. The research specifically
Revised: 10 May 2025 examines the role of Air Changes per Hour (ACH) in reducing smoke-related risks.
Accepted: 31 May 2025 Temperature trends over time were recorded for three different ACH levels.
Findings highlight ACH as a critical factor influencing system performance in
confined environments. Additionally, A CFD simulation was conducted for one of
the test scenarios, and the results exhibited a comparable trend that closely
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1. INTRODUCTION

Smoke generated from building fires poses a significant threat to both occupant and firefighter
safety. Smoke inhalation is the leading cause of fire-related fatalities, accounting for approximately
85% of deaths in such incidents [1]. Hot smoke is particularly hazardous due to its intense thermal
energy, which can cause severe burns to the skin and respiratory tract. In extreme cases, prolonged
exposure may result in life-threatening injuries or death [2]. Additionally, the combined effects of
heat, smoke, and flames can compromise the structural integrity of buildings by weakening steel
reinforcements within concrete, potentially leading to structural collapse [3].

Enclosed spaces such as underground car parks, shopping malls, and building corridors
require stringent control of indoor air quality, primarily due to the accumulation of toxic gases like
carbon monoxide. Maintaining adequate ventilation—whether through natural systems or
mechanical solutions such as ductless jet fan systems—is essential for ensuring air quality and
effective smoke management [4]. Among the critical parameters influencing smoke control systems
is the Air Change per Hour (ACH) rate, which directly affects the removal and dispersion of smoke
during fire events [5].

A more sophisticated approach to design is essential for underground car parks, not only to
enhance accessibility but also to ensure safety by addressing challenges related to indoor air quality
and smoke management. Traditional empirical calculations may be prone to errors due to their
inability to fully capture the complexities of smoke flow under dynamic conditions. In contrast,
Computational Fluid Dynamics (CFD) simulations offer a more accurate and practical method for
visualizing fluid behavior and predicting fire smoke dynamics [6, 7]. Validation of CFD models
through experimental studies is essential for improving their accuracy and ensuring reliable
application in real-world scenarios.

Previous research has explored various aspects of ventilation and smoke control in enclosed
environments. A combined experimental and numerical study demonstrated the effectiveness of
natural ventilation in removing fire-induced gases in underground car park fire lanes, offering
practical guidance for future fire safety designs [8]. Additionally, the development of impulse
ventilation systems has marked a significant advancement in car park ventilation. A study
conducted in Riyadh, Saudi Arabia, found that a system utilizing 11 jet fans enhanced evacuation
efficiency and reduced carbon monoxide levels more effectively than alternative configurations
[10]. CFD played a key role in these assessments, enabling precise predictions of air flow patterns,
temperature distribution, and smoke density within the space [9, 10].

Further research involving scaled-down subway models revealed that smoke temperature
followed an exponential decay pattern, with irregularities observed in transverse temperature
distributions. Empirical models were developed to accurately predict both longitudinal and
transverse smoke temperatures, improving risk assessments for similar confined structures [11].
Similarly, a study investigating room—corridor configurations established correlations between heat
release rate (HRR) and room smoke temperature. In impingement areas, maximum corridor smoke
temperature was found to depend solely on HRR, whereas in non-impingement areas, it also varied
with distance. The study proposed dimensionless correlations to aid fire modeling in such
configurations [12].

In the context of evacuation safety, a study utilizing PyroSim and Pathfinder simulations
assessed fire scenarios in a university teaching building. The analysis highlighted the influence of
smoke, temperature, and visibility on occupant evacuation, with critical conditions arising just 105
seconds after ignition. Overcrowding—particularly beyond 150-180 occupants per floor—
significantly hindered safe evacuation, underscoring the need for strategic fire safety planning in
educational facilities [20].

In another study, numerical simulations using PyroSim investigated smoke spread and
temperature distribution in a large indoor pedestrian street. Results showed that higher heat release
rates led to faster smoke propagation and elevated temperatures, reaching up to 400 °C. Smoke
exhaust systems were found to reduce both temperature and smoke layer thickness, effectively
shortening the stable fire phase. Mechanical exhaust systems outperformed natural ventilation,
achieving greater attenuation of smoke with coefficients varying by 22% and 13%, respectively
[21].
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As such, this study aims to comprehensively examine the impact of Air Changes per Hour
(ACH) on smoke temperature by integrating scaled experimental analysis with advanced
Computational Fluid Dynamics (CFD) simulations. The objective is to gain deeper insights into
airflow dynamics and thermal behavior in smoke-filled environments, while also validating the
reliability of CFD models for large-scale applications to optimize time and resources in smoke
management.

2. Materials and Methods

2.1. Mathematical modeling

The mathematical basis for simulating smoke management requires solving key equations related
to fluid dynamics, heat transfer, and smoke dispersion. Computational Fluid Dynamics (CFD)
simulations are an essential tool for analyzing systems that involve mass and heat transfer,
providing a more detailed and advanced understanding of these phenomena through computer
models. The Fire Dynamics Simulator (FDS) has gained popularity as a CFD tool for describing
fire evolution [6, 13, 14] employing a large eddy simulation form of the Navier—Stokes equations
tailored for low-speed, thermally-driven flow [6]. PyroSim, a graphical user interface for the Fire
Dynamics Simulator (FDS), facilitates this mathematical modeling process [15-17].

Governing Equations:

The core of the mathematical model is formed by the continuity, momentum equations (Navier-
Stokes equations), which represent mass conservation and fluid motion, respectively [18]. The
unsteady 3D continuity equation can be represented as:

9p , 9(pw) | 9(pv) | A(pw) _
at+ ax + ay + 9z =0 (1)

While the 3D momentum equations are presented as fellow:

apu) | A(pu*) | d(puv)  d(puw) _  dp ?u?  9%u? 62u2)

ot T Tax T ay YT T Tox (axz + ay? 1t o2) T PIx @
apv) | Apvu) , A(pv*)  d(pvw) _  dp (azvz 322 azvz)

at ox T oy T T T oy oz T oz T oz ) T POy &)
a(pw) , a(pwu)  d(pwv) | d(pw?) _  dp (azw2 Zw? azwz)

at ax + ay + 9z oz ax2 + ay? + 922 + pY. “

Where, p represents density, u, v, w are velocity components in the x, y, z directions, p is
pressure, u is dynamic viscosity, and gy, gy, g, are gravitational accelerations.
Energy conservation equation

aT .
Py (Eﬂ:-VT) - % =G+ V(kVT)

where 7 is the temperature, po is the environmental pressure. ¢ is the specified volumetric
heat source, cp is the specific heat at constant pressure, and £ is the heat conductivity coefficient.

2.2. Experimental set-up

A series of experiments were carried out using a scaled room model. The scaled model is 1.5 meters
in length, 1 meter in width, and 1 meter in height, with one transparent wall, as seen in Fig. 1. This
experimental setup was equipped with an axial inline exhaust fan and a fresh air fan, both of which
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were connected to the room through a duct system. In Fig. 1, item B and D illustrate the exhaust
fan and a control volume damper, each with dimensions of 10 cm by 10 cm, which are connected
to an exhaust wall opening. These dampers play a crucial role in regulating the airflow and can be
adjusted to control the airflow rate, which in turn influences the Air Changes per Hour (ACH)
within the room.
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Fig. 1: Schematic diagram for the experimental setup

Items E and F in Fig. 1 show the fresh air fan and two additional control volume dampers,
each also measuring 10 cm by 10 cm, connected to openings in the room. These dampers are used
to regulate the intake of fresh air, allowing for precise control over the ventilation and ensuring the
air quality is maintained at the desired levels. The control volume dampers in both the exhaust and
fresh air systems enable precise adjustments to the ventilation setup, simulating various air
exchange and smoke management conditions, with the assistance of an air anemometer that

measures duct velocity.

Additionally, three groups of Type K thermocouples (Groups 1, 2, and 3), as shown in item
C of Fig. 1, were arranged horizontally across the room. Each group consisted of three
thermocouples positioned vertically, labeled as 1.1, 1.2, 1.3, and so on, to measure the temperature
at various locations throughout the room. These thermocouples are essential for capturing
temperature variations in the room, which are critical for understanding the airflow and heat
distribution during the experiments. Each thermocouple was connected to a temperature controller,
as indicated in item A of the figure, which provided real-time temperature readings and allowed
precise monitoring of temperature changes within the room during the experiment. Table 1
provides an overview of the technical specifications of the instruments used for the measurements.

Table.1: Technical Specifications of the Measuring Instruments

Measured Device Name Range Accuracy
parameters
Temperature Thermocouples Type From (-270 to 1260C) +/-2.2C or +/- 0.75%
K
Air velocity Hot wire anemometer 0.2 to 40 m/sec +3% of reading
Temperature Digital Controller- as per Thermocouples +0.5% of display value + 1 digit)
Controller REX range
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All thermocouples have been calibrated. Fig. 2 illustrate sample of thermocouples
calibration curves. Calibration is made by using iced and boiling water.
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Fig. 2: Sample of Thermocouples Celebration Curves.

This setup was constructed at Al-Azhar University, and Fig. 3 presents the actual view of
the experimental arrangement, highlighting the key components and their physical configuration
within the laboratory environment. The overall experimental design and setup were carefully
planned to simulate various ventilation scenarios and study the effects of different Air Changes per
Hour (ACH) on the room's temperature and air quality, thereby providing valuable insights into the
dynamics of smoke management and ventilation systems. In this study, three Air Changes per Hour
(ACH) rates 8, 10, and 12 were tested to evaluate their impact on room ventilation, smoke
temperature, and air quality. These varying ACH levels were chosen to analyze the effectiveness
of different ventilation rates in managing indoor air conditions.
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Fig. 3: Actual view of the experimental set-up

2.3. FDS Model description

A Computational Fluid Dynamics (CFD) model, replicating the exact dimensions of the
experimental setup, was developed using the fire dynamics simulation software PyroSim. The
default configuration of the Fire Dynamics Simulator (FDS) includes key features such as low-
Mach-number Large Eddy Simulation (LES), second-order, kinetic-energy-conserving numerical
schemes, and a structured, uniform, staggered grid. The model also incorporates a simple immersed
boundary method for representing flow obstructions, a lumped-species approach for simplified
combustion chemistry, and a Deardorff-based sub grid-scale eddy viscosity model. Additional
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features include constant turbulent Schmidt and Prandtl numbers, the eddy dissipation concept for
single-step fuel-oxidizer reactions, and gray gas radiation modeling via the finite volume method
for solving the radiation transport equation [17].

Fig. 4 presents a simplified representation of the model, illustrating its geometric
configuration for computational analysis. An air change rate of 10 ACH was simulated, with
temperature thermocouples placed at the same locations as in the experimental setup to ensure
consistency in data comparison.

Thermocouples Fire Area

Fig. 4: Simplified geometry of the model used for computational analysis.

The mesh was designed to cover the entire model, as the choice of mesh size significantly
influences the accuracy of the simulation results. A smaller mesh size reduces numerical
fluctuations, improving the precision of the results, but also increases the computational time.
Consequently, selecting an optimal mesh size is crucial for achieving a balance between simulation
accuracy and computational efficiency in fire simulations.

To analyze the gride sensitivity the dimensionless expression D* is given in the FDS
Operation Manual[16], and 0x is the nominal size of the grid cell. Its definition formula is as

follows:
2/5
[
pocpTo\/8

where D* is the characterlsnc diameter of fire, m; Q is the heat release rate, kW; g is the
acceleration of gravity, m/s*, po is the ambient air density, kg/m?; ¢, is the specific
heat capacity at constant pressure, kJ/(kgK); Ty is the ambient air temperature, K, the ratio of (D*/
0x) shall be from 4-16 19,20].

Due to the computational limitations associated with using a personal computer, the (D*/
dx) ratio was constrained to approximately A. A uniform grid size of 0.0YA meters was employed
across all fire scenarios presented in this study to maintain consistency and ensure manageable
simulation times. This resolution was selected as a compromise between numerical accuracy and
computational feasibility. As a result, the model consisted of a total of Y)e,+++ cubic cells,
adequately capturing the essential features of the physical domain while allowing for efficient
processing within the available hardware constraints. The corresponding mesh structure is
illustrated in Fig. 5.
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_

Fig. 5: Mesh structure of the model with a uniform cell size of 0.04 m.

3. RESULTS AND DISCUSSION

3.1. Experimental results

To investigate the impact of Air Changes per Hour (ACH) on room temperature, a series of
controlled experiments were carried out for a duration of 750 seconds at each specified ACH rate.
During these experiments, temperature readings were systematically recorded every 20 seconds
from all strategically placed thermocouples within the experimental setup. These measurements
provided detailed data on the temperature variations within the room, allowing for a comprehensive
analysis of the thermal behavior under different ventilation conditions.

Fig. 6 presents a comparative analysis of the temperature profiles from all thermocouples,
highlighting the trends observed across the different ACH rates. At each ACH level, the temperature
exhibited a rapid initial increase until it reached a maximum value. After attaining this peak
temperature, the temperature began to decrease gradually, eventually reaching a point of
stabilization. This pattern was consistently observed across all ACH rates, indicating a predictable
thermal response to the changes in ventilation.

Group 2 (2.1, 2.2, 2.3) recorded the highest temperatures due to its proximity to the fire
source. Group 1 (1.1, 1.2, 1.3) and Group 3 (3.1, 3.2, 3.3) recorded lower temperatures, as Group
1 was located near the exhaust wall opening and Group 3 near the fresh air intake, both at the same
level. However, there was a temperature difference between the low-level thermocouples (1.1, 3.1)
and the high-level ones (1.3, 3.3) which can be attributed to the buoyant rise of hot smoke. It is
evident that temperature decreases as the air change rate increases.
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Temperature Comparison for All Thermocouples Across ACH Levels
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Fig. 6: Experimental results for various Air chang per hours

3.2. Comparison between experimental and CFD simulation results

A CFD model simulating an Air Change per Hour (ACH) of 10 was developed using the fire
dynamics simulation tool "Pyrosim," with dimensions matching those of the experimental setup.

Fig. 7 presents contour maps of velocity, temperature, and visibility, which collectively
illustrate the spatial distribution and dynamic variations in airflow patterns, thermal conditions, and
visual obscuration within the simulated environment during the fire scenario. These visualizations
provide critical insight into how the fire influences internal environmental conditions over time.
The velocity contours reveal the direction and intensity of air movement, indicating how smoke
and heat are transported throughout the space. Notably, areas near the fresh air inlet and exhaust
air openings exhibit higher airflow velocities, driven by ventilation forces and pressure differences.
Similarly, elevated velocities are also observed near the fire source due to thermal buoyancy effects
and the rapid rise of hot gases.

Temperature distributions highlight zones of high thermal intensity, aiding in identifying
areas most affected by the fire’s heat. Meanwhile, visibility contours depict regions with reduced
clarity due to smoke accumulation, which is essential for evaluating evacuation safety and occupant
tenability. Together, these contours offer a comprehensive understanding of the fire’s impact on the
indoor environment, supporting effective fire safety assessment and emergency planning.
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Temperature contours

Velocity contours

Visibility contours

Fig. 7: 3-D Velocity, temperature, and visibility contours showing airflow patterns, heat spread, and smoke
accumulation during the fire.

To facilitate a rigorous comparison between the CFD simulation results and the
experimental data, temperature recordings from CFD model thermocouples were extracted and
compared with those from the experimental setup. This comparison is illustrated in Fig. 8.

Comparison Between Experimental and CFD Simulation Results
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Fig. 8: Comparison between experimental and CFD simulation results
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A detailed analysis of the graphs presented reveals that the temperature profiles from both
the simulation and experimental results exhibit comparable trends. Specifically, the temperature
rises rapidly during the initial stage, reaches a peak, and then gradually declines until stabilizing at
a steady state. While the overall behavior of the two datasets remains consistent, some observable
differences were identified. These discrepancies are primarily attributed to the idealized
assumptions inherent in the Computational Fluid Dynamics (CFD) model. Such simplifications
including assumptions like ideal combustion assumption ,time of ignition and HRR vs time are
often necessary to model complex physical processes but can result in deviations between
simulated and experimental outcomes. These variations are expected due to the intrinsic limitations
of the CFD approach and the simplifications employed in the modeling process.

CONCLUSIONS

The effect of Air Changes per Hour (ACH) rates on smoke control strategies with three different
values was experimentally studied. The main finding was the higher the ventilation rates the lower
the temperature ranges inside the controlled volume. Higher air changes reduced the number of
stagnation points. One experiment was used to benchmark CFD approach for further use in digital
prototyping smoke control strategies. The experimental and simulation results were in a fair
agreement. CFD with Large eddy simulation (LES) approach, could be a reliable tool for predicting
the general trends, especially when applied to large-size scenarios. The suggested modeling
approach of benchmarkmg small size models with experimental measurement has the potential to
reduce the cost and complexity associated with physical testing for real life enclosed environments.
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