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Atria in multi-story buildings become highly vulnerable zones during fire incidents due to stack
effect and the rapid accumulation of toxic gases, particularly carbon monoxide (CO). Supplying
fresh air as a complement to smoke exhaust systems is essential; however, uniformly distributing
the supply airflow cannot address the nonuniform smoke accumulation pattern across different
floors. In this study, smoke movement, temperature, smoke layer height, and CO concentration

in a four-story atrium were numerically analyzed using the FDS simulation tool. The focus was
placed on evaluating nonuniform fresh-air distribution delivered exclusively through wall-
mounted inlets. The main objective was to propose a CO-based approach for determining the
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Keywords optimal airflow distribution among the floors. Results indicate that allocating approximately 50—
Smoke management 65% of the total supply airflow to the upper floors significantly reduces CO concentration,
atrium fire increases smoke layer height, and maintains safe egress conditions for a longer duration. The
fnllr;kiaﬁe;};ir proposed distribution strategy can serve as a practical framework for designing smoke

management systems in atria and is applicable even in conventional buildings without the need
for underfloor air supply systems. The primary contribution of this research lies in introducing a
CO-driven decision-making method and providing a detailed analysis of smoke behavior under
various airflow distribution scenarios.

numerical simulation

Introduction

Modern atrium buildings present unique challenges in fire safety engineering due to their large open volumes
and vertical connectivity between floors. During a fire event, buoyancy-driven smoke flow combined with the
stack effect accelerates smoke spread toward upper levels, rapidly compromising evacuation routes. Smoke
inhalation, particularly exposure to carbon monoxide (CO), is recognized as the primary cause of injury and fatality
in building fires, often occurring before occupants are exposed to critical thermal conditions.

Smoke control systems are therefore essential components of atrium fire safety design. Mechanical exhaust
systems are commonly used to remove smoke, while makeup air systems are implemented to balance pressure
differences and prevent excessive inflow velocities that could disrupt smoke stratification. International guidelines
and standards, such as NFPA 92, emphasize the necessity of providing makeup air; however, they often lack
detailed guidance on how this air should be distributed across multiple floors.

Most existing designs assume uniform makeup air distribution, implicitly suggesting equal fire risk across all
levels. In reality, smoke concentration, temperature, and toxic gas accumulation vary significantly with height,
and upper floors are generally exposed to more hazardous condition. Previous studies have investigated the effects
of makeup air velocity, inlet location, and exhaust configuration, yet limited attention has been paid to floor-by-
floor allocation strategies based on actual smoke toxicity indicators.

This research addresses this gap by proposing a CO-based approach for determining non-uniform makeup air
distribution in a multi-story atrium. By prioritizing upper floors according to their exposure risk, the study aims to
improve evacuation safety and provide a more rational basis for smoke control system design.

Methodology

A four-story atrium with realistic geometric dimensions is modeled using Fire Dynamics Simulator (FDS). The
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computational domain includes the atrium space, adjacent corridors, makeup air inlets at floor levels, and
mechanical smoke exhaust outlets at the top of the atrium. A steady fire source with a constant heat release rate of
4 MW is placed at the ground level to represent a severe but plausible fire scenario.

The simulations employ the Large Eddy Simulation (LES) approach to resolve large-scale turbulent structures
while modeling sub-grid scale effects using the Smagorinsky model. Combustion is modeled using an eddy
dissipation concept, and CO generation is explicitly considered to evaluate toxic gas exposure. Radiation heat
transfer is treated using the gray gas model.

Grid independence analysis is performed using three mesh resolutions, and the final mesh is selected based on
accuracy and computational efficiency, satisfying recommended criteria for the ratio of characteristic fire diameter
to grid size. Model validation is conducted by comparing predicted temperature histories at multiple atrium
locations with available experimental data, showing good agreement.

Three makeup air distribution scenarios are defined:

1. Uniform distribution, where equal airflow is supplied to all floors.

2. Moderately non-uniform distribution, with increased airflow to upper floors.

3. Highly non-uniform distribution, where the majority of makeup air is supplied to the third and fourth floors.
All scenarios maintain the same total makeup air flow rate, consistent with NFPA recommendations. Performance
is evaluated using time-averaged and transient values of temperature, CO concentration, and visibility at occupant
breathing height along evacuation routes.

Discussion and Results

Simulation results reveal pronounced differences in smoke behavior and tenability conditions among the
investigated scenarios. In the uniform distribution case, significant accumulation of CO is observed on upper
floors, despite acceptable temperature levels. This indicates that temperature alone is insufficient as a design
criterion for smoke control effectiveness.

Non-uniform makeup air distribution substantially alters the flow field. By increasing airflow to upper floors,
downward pressure gradients are established that counteract buoyancy-driven smoke rise. The moderately non-
uniform scenario improves conditions but remains insufficient to prevent hazardous CO levels during prolonged
exposure.

The optimal scenario allocates approximately 55-60% of the total makeup air flow to the upper two floors.
This configuration achieves the lowest CO concentration at evacuation paths, improves visibility beyond critical
thresholds, and maintains temperatures within acceptable limits. Importantly, excessive airflow is avoided,
preventing local turbulence and smoke re-entrainment that were observed when airflow was overly concentrated
in a single floor.

Time-averaged results confirm that the proposed distribution strategy reduces CO concentration on the top
floor by more than 20% compared to the uniform case, while extending tenable evacuation time. The results
highlight the importance of balancing buoyancy forces and momentum introduced by makeup air.

Conclusion

This study demonstrates that uniform makeup air distribution is not an effective strategy for smoke control in
multi-story atria. Due to the dominant influence of buoyancy and stack effect, upper floors experience
disproportionately higher levels of smoke and toxic gases, particularly CO.

A CO-concentration-based approach for allocating makeup air flow is proposed and validated through detailed
numerical simulations. The results indicate that supplying approximately 55-60% of the total makeup air to the
upper floors significantly enhances evacuation safety by reducing CO concentration, improving visibility, and
maintaining stable thermal conditions.

The proposed methodology provides a practical and economical framework that can be integrated into existing
smoke control design practices and standards. By focusing on toxic gas distribution rather than temperature alone,
designers can achieve more reliable and performance-based smoke management in atrium buildings.
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Table 1 — Default simulation parameters

Turbulent Schmidt Number 0.5
Turbulent Prandtl Number 0.5
Smagorinsky Constant 0.2
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Table 2 — Geometric dimensions of the simulated model

Space Length (m) Width (m) Height (m)
Atrium 20 20 20
Corridor 20 3 5
Make-up Air Inlet Region 1 - 0.4
Smoke Exhaust Chamber 0.4 0.4
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Table 3 — Mesh specifications

Simulation Mesh Type Mesh Resolution (D*/8x) Grid Size Ax (cm) Number of Cells
1 Coarse 4 435 104600
2 Medium 10 17.4 1630000
3 Fine 16 10.9 6640000
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Figure 3 — Schematic of the early moments of the fire
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Figure 4 — Comparison of the temperature at various atrium points with the experimental results[17]
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Table 4 — Details of the different makeup-air distribution scenarios

Scenario Make-up Air Rate(%)
First Floor Second Floor Third Floor Fourth Floor
A 25% 25% 25% 25%
B 19.8% 24.2% 26.9% 29.1%
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C | 2.3% | 13.7% | 38.3% | 45.7% |
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Figure 5 — Temperature over time at (a) the first floor and (b) the fourth floor in the different scenarios
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Table S — Time-averaged floor temperatures in the different scenarios

Scenario Temperature of | Temperature of
the First Floor the Fourth Floor

A 22.233 51.264

B 24.436 50.088

C 34.405 50.800
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Figure 6 — CO concentration over time at (a) the first floor and (b) the fourth floor in the different scenarios
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Table 6 — Time-averaged CO concentration of the floors in the different scenarios
Scenario First Floor CO Fourth Floor CO
Concentration Concentration
A 3.888 61.388
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B 12.861 60.167
C 39.122 48.972
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Table 7 — Time-averaged visibility of the floors in the different scenarios

Scenario | FirstFloor Visibility | Fourth Floor Visibility
A 29.916 11.28
B 24.226 11.38
C 19.038 12.54
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Figure 7 — Visibility over time at (a) the first floor and (b) the fourth floor in the different scenarios
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