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Abstract: Recently, in high-rise buildings, pressurization systems have been installed in emergency
stairwells to prevent the ingress of smoke. However, in older buildings, these stairwells often
lack pressurization systems, while in buildings with fewer stories, such systems are not typically
installed. This study conducts simulations and a hot smoke test to evaluate the performance of
air curtains in blocking smoke and toxic gases in outdoor emergency stairwells where additional
pressurization equipment cannot be installed. The simulation results showed that air curtains
installed perpendicular to the floor were useful at preventing smoke ingress, and higher wind speeds
increased their effectiveness. It is believed that air curtains can partially reduce smoke ingress in
stairwells of older buildings or low-rise structures without pressurization systems, thereby ensuring
fire safety.
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1. Introduction

In modern cities, multi-unit residential apartment buildings, which usually exceed
five stories, are commonly used as living spaces. In South Korea, as of 2022, the proportion
of residents living in apartments exceeded 52.4% in terms of household composition, and
apartments accounted for 64% of all housing types [1]. Consequently, fire damage in
residential high-rise apartments has significantly increased [2]. When examining the causes
of fatalities in multi-unit residential fires, 77.9% of the deaths were related to the inhalation
of smoke and toxic gases [3]. To prevent toxic gases and smoke in such fires, the Korean
NFSC501A, American NFPA 92, and British NFPA 101 advise fire prevention through the
use of pressurization systems, and various related studies are ongoing [4].

Various studies are being conducted to achieve fire control by installing air curtains as
an alternative to pressurization systems. The following studies assessed the effectiveness
of air curtains in the case of a fire. In bi-directional tunnels, it was found that air curtains
set at a 30° angle have a smoke control effect, and high air-curtain speeds with angles
above 10° showed areas where smoke was blocked, even at high temperatures during a
fire [5,6]. In a computational fluid dynamics (CFD) model study, the sealing efficiency of
horizontal air curtains, vertical air curtains, and bi-directional vertical air curtains was
compared at a doorway connecting two rooms at different temperatures [7]. Furthermore,
CFD simulations using double-jet air curtains to test the smoke suppression and exhaust
efficiency involved experiments to determine the toxic gas blocking performance in three
scenarios: without air curtains, with double-jet air curtains, and with conventional air
curtains [8]. In studies examining the effects of vertical and horizontal air curtains in multi-
story buildings, vertical air curtains showed a reduced performance in under-ventilated
situations, but were effective in over-ventilated conditions for fire blocking. Horizontal
air curtains were found to be effective at controlling toxic gases even in poorly ventilated
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conditions. Furthermore, to enhance the air curtain performance, increasing the jet wind
speed of the air curtain and providing indoor ventilation systems were proposed [9,10].

Zhou et al. designed operational conditions through investigating the impact of the
spray direction of a composite air curtain on the extinguishing effect [11]. Razeghi, S.M.].
analyzed the conditions of an emergency ventilation system consisting of air curtains and
exhaust fans to manage heat and toxicity in various fire scenarios [12]. Yan et al. revealed
that the minimum thickness for sealing effectiveness is 0.3 m and that the jet velocity should
be at least 2 m/s, depending on the thickness and spray velocity of the air curtain [13].

These studies demonstrate the effectiveness of air curtains at blocking toxic gases
and smoke in fire situations. This study compared and analyzed the performance of air
curtains installed in outdoor escape stairs, where separate pressurization equipment cannot
be installed, to block smoke and toxic gases entering the stairs. Simulation results for cases
installed in actual buildings were examined, and a hot smoke test was conducted to verify
the effectiveness.

2. Research Methods and Scenarios
2.1. Research Methods

For this paper, the effectiveness of air curtains was demonstrated using the FDS Ver.
6.7.9 fire simulation program developed by the NIST. In addition, for comparison with
the simulation results, a hot smoke test was conducted in the same type of building to
visually verify the smoke-blocking effect. Figure 1 outlines our research. In this study,
simulations were conducted on an actual building currently in the completion phase.
Detailed simulation modeling was performed using CAD drawings and on-site surveys.
The initial simulations aimed to validate the smoke control effectiveness of the air curtain,
and a hot smoke test was executed to confirm alignment with the simulated trends.

Paper research

Field investigation

Experiment

| |

Simulation Hot smoke test

- Comparison of air curtain performance through FDS

- Examination of Smoke control effect through hot smoke test

Analysis of Experiment results

Conclusion

Figure 1. Study outline.

2.2. Fire Simulation Scenarios

To distinguish the amount of smoke entering the stairwell based on the type of
apartment, the installation type of the air curtain, and the differences in air-curtain wind
speed, simulation scenarios were set as shown in Table 1. A scenario assuming a fire
originating in the central part of the apartment living space was considered, and scenario
variables were set based on the building type, the installation type of the air curtain, and
the air-curtain wind speed. The wind speeds of the air curtains were selected based on the
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speeds of products available in the market as 10 m/s, 18 m/s, and 35 m/s. Furthermore,
the spray angle of the air curtain was set at 30 degrees. The area of the exhaust and supply
vents for the horizontal air curtain was 0.25 m2, while for the vertical air curtain, it was 0.5
m?, achieved by connecting two horizontal units.

Table 1. Fire simulation scenarios.

Maximum Wind

Simulation Model Installation Type Speed of Air Curtain
Case 1-None No air curtain installed -
Case 1-H-10 10m/s
Case 1-H-18 Horizontal air curtain 18m/s
Case 1 Case 1-H-35 35m/s
Case 1-V-10 10m/s
Case 1-V-18 Vertical air curtain 18m/s
Case 1-V-35 35m/s
Case 2-None No air curtain installed -
Case 2-H-10 10m/s
Case 2-H-18 Horizontal air curtain 18m/s
Case 2-H-35 35m/s
Case 2-V-10 10m/s
Case 2
Case 2-V-18 Vertical air curtain 18m/s
Case 2-V-35 35m/s
Case 2-H-35-2 (with ﬁfla?iiizﬁt:itaefn;llllﬁl;ﬁ open) 35m/s
Case 2-V-35-2 (with sta\ilixie;ellleiitl;rlllgiivr;ll open) 3B m/s
Case 3-None No air curtain installed
Case 3-H-10 10m/s
Case 3-H-18 Horizontal air curtain 18m/s
Case3 Case 3-H-35 35m/s
Case 3-V-10 10m/s
Case 3-V-18 Vertical air curtain 18m/s
Case 3-V-35 35m/s

Figure 2 shows the installation of air curtains. Figure 2a depicts the installation of
a horizontal air curtain. It is installed at the top of the emergency stairwell fire door,
horizontally aligned with the ceiling. Figure 2b depicts the installation of a vertical air
curtain. It is installed perpendicular to the floor on the side opposite the hinges of the

emergency stairwell fire door.
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(b)

Figure 2. Examples of air curtain installations. (a) Horizontal air curtain, (b) vertical air curtain.

3. Simulation Setup
3.1. Fire Simulation Settings

The maximum heat release rate was configured according to real fire experiments and
validation studies of fire safety performance evaluations and was based on bedroom fire
scenarios in residential facilities (including a wardrobe, clothes, a desk, a chair, a computer,
a bookshelf, and a bed) with a maximum heat release rate of 2795.51 kW and a fast fire
spread rate. For apartment facilities, the corridor exhaust systems were assumed to be
operational, and sprinklers were assumed to be non-operational. The soot yield value for
the fire source was set at 0.1, and the CO yield value was set as 0.05.

The windows in the fire room were assumed to be closed, while the door was assumed
to be open, allowing smoke to spread into the corridor; other fire doors were assumed to be
closed. The floor-to-ceiling height of the apartment was 2.75 m, and the fire scenarios were
conducted with a unit located in the center of the corridor. Air curtains were installed inside
the outdoor emergency stairwell, and corridor smoke extraction devices were applied based
on their actual performance. The exhaust system was designed based on the specified
design airflow of the installed equipment in the building. For each case, a design airflow
was applied, with Case 1 set at 7.5 m?/s and Cases 2 and 3 set at 5.625 m?/s.

When performing fire hazard assessments at high flow velocities, addressing grid
independence is imperative. Through grid independence assessments, selecting the correct
grid resolution guarantees the accuracy and reliability of the model, enabling precise
prediction of smoke control performance in real-world scenarios involving air curtains.
Therefore, the grid resolution was determined based on the heat release rate, temperature,
and visibility at the target location. Grid validation was conducted for Case 3. Figure 3
represents the simulation results according to the grid resolution. In all figures, it can be
observed that there was no significant change in the data when the grid resolution was
below 0.25 m. Therefore, the grid resolution was set to below 0.25 m. In FDS, a minimum
of two or more grid cells must be allocated to set the angle of the vents. Therefore, to set the
angle at the air curtain’s outlet, the minimum grid size of the mesh where the air curtain is
installed was set to 0.125 m. The grid in the fire room was set to 0.25m x 0.25m x 0.25 m,
and for the outdoor emergency stairwell with the air curtain installed, the grid was set to
0.125m x 0.125 m x 0.125 m.

Figure 4 is the floor plan of the building used for fire simulations. Figure 4a shows
the emergency stairwell located in the center of the corridor. Figure 4b shows the stairwell
located at the end of the corridor with its wider side facing the corridor. Figure 4c shows
the stairwell located at the end of the corridor with its shorter side facing the corridor.
The simulation grid boundary conditions were set at 20 °C and 1 atm. Additionally, the
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external air conditions were assumed to be calm. The measurement height for smoke
concentration and visibility was set at 1.8 m, using the breathing boundary as a reference.
The installations were placed at a height of 1.8 m, with installation intervals represented in
Figure 4d. Twelve measurement points for each case were utilized to derive average values.
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Figure 3. Comparison of simulation results according to grid resolution. (a) Heat release rate,
(b) visibility, (c) temperature.

3.2. Evacuation Simulation Settings

The simulation utilized PATHFINDER 2018, which was developed by Thunderhead
Engineering in the US. The evacuation simulation aimed to calculate the time taken by
residents in multi-unit buildings to open fire doors during evacuation, and then to apply
this time to the fire simulation to assess the smoke control effect of the air curtains while
the fire doors are open.

Accordingly, the start time for the evacuation simulation was set by adding the smoke
detector detection time derived from the fire simulation and a delay time of 120 s. Simu-
lations were executed to assess the operation times of smoke detectors in each case. All
buildings in every scenario were equipped with smoke detectors. The respective opera-
tional times for each case were as follows: 25 s for Case 1, 28 s for Case 2, and 28 s for Case 3.
The occupancy standard was based on the residential density in apartment buildings of 18.6
persons/m?, as recommended by NFPA 101. The walking speeds employed were obtained
from experimental data from the Korea Institute of Construction Technology, and the age
distribution of the population was based on the demographic statistics of South Korea. The
occupancy for each case was as follows: 456 individuals for Case 1, 342 individuals for
Case 2, and 363 individuals for Case 3, as input by the user in the simulation(Table 2).
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Figure 4. Sectional fire simulation modeling and measurement points. (a) Case 1, (b) Case 2, (c) Case

3, (d) measurement points.

Table 2. Walking speed by age group.

Building Occupancy by Gender and

Evacuation Delay Time (s) Occupancy (s) Walking Speed (m/s) Age Distribution (%)
Children 1.0 Children 13.0
Teenagers 1.3 Teenagers 4.8
Adult Men 1.2 Adult Men 35.0
2
120 186 persons/m Adult Women 1.1 Elderly Men 6.2
Elderly Men 0.7 Adult Women 33.2
Elderly Women 0.97 Elderly Women 7.7

Evacuation Simulation Results

According to the evacuation simulation results, the exit times for each case are as

shown in Table 3.

Table 3. Fire door opening time.

Case 1

Case 2 Case 3

Fire door opening

; 154-186 s
time

156-191s

157-201s

Figure 5 depicts the evacuation simulation modeling. Figure 5a models the entire
apartment, and Figure 5b,c show the scenario when residents enter the stairwell and the



Appl. Sci. 2024, 14, 2692

7 of 15

door opens after evacuation begins. Based on the evacuation simulation results, the average
values of CO, CO; and O, concentrations; temperature; and visibility distance due to the
fire were derived from the time the door opened to when it closed in the fire simulation.
The assessment of toxic gases, temperature, visibility, and other hazards was conducted in
accordance with South Korea'’s fire safety standards. Accordingly, the evaluation criteria
were set as follows: CO (carbon monoxide) levels exceeding 1400 ppm, CO, (carbon
dioxide) levels below 5%, O, (oxygen) levels below 15%, temperature below 60 °C, and
visibility exceeding 5 m.
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Figure 5. Evacuation simulation modeling. (a) Overall view of evacuation simulation. (b) Evacuation
simulation before stairwell fire door opens. (c¢) Evacuation simulation after stairwell fire door opens.

4. Simulation Results Analysis
4.1. Analysis Results of Case 1 (with the Emergency Stairwell in the Middle of the Corridor)

The amount of toxic gases entering the emergency stairwell during the time residents
open and close the fire door after a fire outbreak was analyzed. Figure 6 shows the variation
in the amount of smoke over time for each case. In terms of the soot mass fraction, the
cases without air curtains showed over 90% higher levels, and excluding those without air
curtains, vertical air curtains demonstrated lower soot mass fractions than horizontal ones
at the same wind speed.

Figure 7 shows the average temperature and visibility distance of the smoke at different
times in Case 1. Figure 7a indicates that in scenarios without air curtains, the temperature
in the stairwell nearly reached 120 °C, while in scenarios with air curtains, it did not
exceed 30 °C. In these cases, the average temperature was found to decrease by more
than 70%. Moreover, visibility was below 5 m without air curtains, but it exceeded 5 m
when the air curtains were operational, with vertical air curtains being more effective than
horizontal ones.

Figure 8 illustrates the vector velocity caused by air curtains when the entrance door
was opened. After the fire door is opened, the vectors formed outside the stairwell by the
air curtain show that the horizontal air curtain creates a rotating vortex at the door, whereas
the vertical air curtain forms vectors directed towards the stairwell. This indicates that
vertical air curtains are more effective at blocking smoke from entering the stairwell.
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Figure 6. Comparison of smoke amount in Case 1.
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Figure 7. Time-based simulation results for Case 1. (a) Temperature. (b) Visibility distance.
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Figure 8. Vector velocity caused by air curtains when the entrance door is open. (a) Horizontal
air-curtain vector, (b) vertical air-curtain vector.

4.2. Analysis of Case 2 (Where the Emergency Stairwell Is Located at the End of the Corridor with
Its Wider Side Facing the Corridor)

In Case 2, the emergency stairwell is situated at the end of the corridor with its wider
side facing the corridor.

Figure 9 shows the change in the smoke amount according to the scenario during the
opening and closing times of the stairwell’s fire door in Case 2. The soot mass fraction
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decreased by 49-80% in scenarios with air curtains compared to those without air curtains.
Further, vertical air curtains were found to be more effective at smoke blocking than
horizontal ones, and their effectiveness increased with higher wind speeds.
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Figure 9. Comparison of smoke amount in Case 2 (2 added).

Figure 10 shows the temperature and visibility distance during the opening and closing
times of the stairwell’s fire door for different scenarios. Figure 10a displays the temperature,
which exceeded 140 °C in scenarios without air curtains. With air curtains installed, the
temperature lowered to near or below the safety standards for human occupancy. In Case
2-H-35, with air curtains installed, an average temperature decrease of 65% was observed.
Figure 10b displays the visibility distance, which was less than 5 m in certain cases, even
with air curtains installed, owing to the structure of the stairwell. Therefore, to enhance
visibility, additional scenarios, Case 2-V-35-2 and Case 2-H-35-2, with a wind speed of

35 m/s for vertical and horizontal air curtains were analyzed, where a visibility exceeding
5 m was achieved.
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Figure 10. Time-based simulation results for Case 2. (a) Temperature. (b) Visibility distance.

Figure 11 for Case 2 shows the vector values of the flow resulting from the operation
of air curtains in the stairwell.

Figure 11a shows that with a horizontal air curtain and the stairwell walls closed, a
circulating flow is created inside the stairwell, preventing smoke from being expelled when

it enters. Therefore, installing an opening as in Figure 11b allows the smoke to be expelled
even if a vortex is created, enhancing visibility.
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Flow velocity (m/s)

Figure 11. Vector velocity caused by air curtains when the entrance door is open. (a) Horizontal
air-curtain vector with stairwell wall closed. (b) Horizontal air-curtain vector with stairwell wall
open. (c) Vertical air-curtain vector with stairwell wall closed. (d) Vertical air-curtain vector with
stairwell wall open.

Figure 11c shows that because the protruding wall blocks the spray angle of the
stairwell air curtain and its location at the end of the corridor, the inflow into both the
corridor and stairwell appears stronger. Similarly, as shown in Figure 11d, installing an
opening within the stairwell allows the drawn smoke to be expelled, proving beneficial
for maintaining visibility. The installation of an opening showed that Case 2-h-35-2 had
about 19% less smoke than Case 2-h-35, and Case 2-V-35-2 exhibited approximately 65%
less smoke than Case 2-V-35. With horizontal air curtains, there was a tendency for smoke
to stagnate inside the stairwell owing to the rotating flow. However, vertical air curtains
facilitated the flow of smoke outwards through the open wall structure more efficiently
than horizontal air curtains. In terms of visibility, only Case 2-V-35-2 managed to maintain
a visibility of more than 5 m.

Figure 12 visually presents the modeling of the openings of the emergency staircase.
(a) illustrates a partially opened emergency staircase, while (b) shows the complete opening
excluding the handrails.
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(@) (b)

Figure 12. Modeling of stairwell opening installation. (a) Partially open stairwell wall, (b) fully open
stairwell wall.

4.3. Analysis of Case 3 (Where the Emergency Stairwell Is Located at the End of the Corridor with
Its Shorter Side Facing the Corridor)

In Case 3, the stairwell is located at the end of the corridor, with the external wall
of the stairwell open for ventilation. In Figure 13, in scenarios without air curtains, the

stairwell’s soot mass fraction exceeded 98%, and Case 3-V-10 had less smoke than Case
3-H-35.
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Case3 35m/s(horizon) Case3 10m/s(vertical) Case3 18m/s(vertical)

Case3 35m/s(vertical)

Figure 13. Comparison of smoke amount in Case 3.

By examining the visibility and temperature in Figure 14, similar to Case 1, only Case
3-None, without air curtains, exceeded the human occupancy safety standard. With air
curtains installed, all cases showed values that were below the standard, with vertical air
curtains demonstrating a higher smoke control performance than horizontal ones.

Figure 15 illustrates the vectors of airflow generated by the air curtain when the
entrance door is open.
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Figure 14. Time-based simulation results for Case 3. (a) Temperature. (b) Visibility distance.
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Flow velocity (m/s)

Figure 15. Vector velocity caused by air curtains when the entrance door is open: (a) horizontal
air-curtain vector, (b) vertical air-curtain vector.

5. Hot Smoke Test

A hot smoke test was conducted to verify the performance of the air curtains. The hot
smoke test involves heating colored SF6 gas to create buoyancy, simulating a smoke-like
appearance.

The experiment was conducted under the same conditions as in Case 3 in the previous
simulations. The vertical air curtain, which exhibited the best smoke control performance
in simulations, was used for visual observation. The wind speed of the air curtain was set
at the commonly observed value of 10 m/s. The hot smoke test’s smoke generator was
placed in the central corridor room, as shown in Figure 16.

The smoke quantity was determined based on the heat release rate applied in the
fire simulation, using the smoke calculation formula from NFPA 92-b, and was set to
35,000 cmh.

m= 0.36<QW2) 3 (zp -+ 0.25H) )

m = mass flow rate in the plume (kg/s).

Q = heat release rate of the fire (kW).

W= width of the plume as it spills under the balcony (m).

z = height from the underside of the balcony to the smoke layer interface (m).

H = height of the balcony above the base of the fire (m).

Figure 17a shows the installation of a vertical air curtain. The installed air curtain was
2.2 m high, which is equal to the height of the door. The hot smoke tester was installed
as shown in Figure 17b. The setup included one smoke generator and one heat gun, and
a thermocouple was installed on the reflector to monitor the temperature of the smoke
during the experiment.
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Figure 16. Location of the hot smoke test experiment.

(b)

Figure 17. (a) Installation location of the vertical air curtain, (b) overview of the hot smoke test setup.

Figure 18 shows the progression of smoke dispersion in the corridor over 150 s follow-
ing the operation of the hot smoke tester.

(¢ (d)
Figure 18. Time after hot smoke tester operation: (a) 60's, (b) 90's, (c) 120's, (d) 150 s.
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Based on the evacuation simulation results, the fire door of the stairwell was opened
157 s after the hot smoke tester was activated, aligned with the time that the first person
opened the fire door. Figure 19a shows the situation 10 s after opening the fire door without
the air curtain being operational. Smoke can be seen entering the stairwell. Figure 19b
depicts the scenario with an operational air curtain, where less smoke was observed
entering the stairwell compared to the non-operational scenario.

(a) (b)

Figure 19. Photo of the experiment site (a) 10 s after opening the fire door without an air curtain,
(b) 10 s after opening the fire door with an air curtain.

6. Conclusions

This paper examined the smoke control effectiveness of vertical and horizontal air
curtains in three different scenarios. Regardless of the corridor layout, vertical air curtains
were deemed more advantageous for ensuring safety.

The simulation results indicated that with a wind speed of 35 m/s and using vertical
air curtains, the soot concentration decreased by 80-99% compared to no air curtains,
depending on the case. Horizontal air curtains showed a reduction rate of 65-99% in
different scenarios. In most cases, the installation of vertical air curtains proved to be more
beneficial than horizontal ones.

Comparing the hot smoke test with the simulation, the visible smoke control effect
was similar when a 10 m/s vertical air curtain was installed and the fire door was open.
This indicates that in an actual fire, the installation of vertical air curtains could reduce the
ingress of smoke into stairwells from corridors.

In cases where the stairwell is adjacent to a corridor that is not straight, setting the
angle of the air curtain outside of protruding parts to prevent turbulence formation inside
the stairwell appears to be advantageous for smoke control. Ventilation conditions may vary
depending on the corridor layout and stairwell opening design, and additional experiments
may be needed for air curtains with external air supply units, as opposed to integrated ones.

Based on the results of this study, it is believed that air curtains can partially reduce
smoke ingress in stairwells of older buildings or low-rise structures without pressurization
systems, thereby ensuring fire safety.
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