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Abstract: Fire is a major hazard in hospitals, often caused by flammable liquids and medical gases, and can lead
to significant losses due to limited patient mobility. This study simulated the effectiveness of portable and ceiling
exhaust systems in reducing smoke, heat, and toxic gases in a hospital Neonatal Intensive Care Unit (NICU)
using Computational Fluid Dynamics (CFD).The study began by converting a 2D sketch of the NICU into a 3D
model using SketchUp, which was then imported into PyroSim software. Properties of objects and fire scenarios
were set in PyroSim, and simulation results for temperature, visibility, and toxic gases (CO, CO2, O2) were
generated as 3D cross-sectional views and profiles.In the simulation, the ceiling exhaust contained smoke within
the fire room, preserving visibility in other areas, while the portable exhaust spread smoke to corridors, reducing
visibility to zero. The ceiling exhaust maintained temperatures between 60-70°C, while the portable exhaust
exceeded 80°C. CO concentrations peaked at 700 ppm without exhaust, dropped to 400 ppm with portable
exhaust, and 300 ppm with ceiling exhaust. Oxygen levels fell to 18% with either exhaust, but remained at 20%
with ceiling exhaust. The ceiling exhaust also reduced CO2 in exit rooms from 18,000 ppm to below 12,000 ppm,
while portable exhaust reduced it by only 2,000 ppm. These findings can guide hospital designers and
firefighting teams in selecting optimal fire control equipment, enhancing building safety and firefighting
strategies.

Keywords: Fire; Computational Fluid Dynamics (CFD); Hospital; Ceiling exhaust; Portable exhaust

1. Introduction

Fire is one of the most devastating disasters.The occurrence of fire in residential, commercial,
and industrial buildings can cause significant human, financial, and environmental losses every
year[1]. It also affects social development[2]. The direct economic losses caused by a fire is five times
greater than that of an earthquake, and in terms of frequency, fires rank first among all world
events[3]. Reports indicate that 50% of fire-related casualties occur within buildings[4]. Hospitals are
complex and potentially vulnerable structures that must be sufficiently prepared to respond to
predictable and unpredictable events[5]. The safety of healthcare facilities is classified as sensitive
and vital[4,6]. Due to the presence of medical gases, flammable liquids, and electrical equipment,
hospitals face a higher risk of fire compared to other types of buildings[7,8]. Numerous factors have
caused severe damages and deaths in hospitals in case of fire accident; including the presence of
vulnerable individuals, the necessity for uninterrupted services, limited knowledge of firefighting
techniques, the rapid spread of fires, and the substantial smoke emissions[12-9]. Hospital fires
frequently lead to extensive damage, casualties, and significant financial burdens due to the costs of
equipment procurement and replacement[10]. Therefore, fire safety has become one of the most
significant challenges for designers and users of these facilities[13]. Based on the information
obtained from the reiterated fires in hospitals, the main factors causing fires in these places include
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incidents such as fires in trash cans, smoking, fires in the kitchen, and electrical system failures[14].
Furthermore, numerous studies have assessed hospital safety level. In a study conducted by Lari et
al., the review results showed that the hospitals under study, have a weak safety level and require
immediate action to protect patients and staff[15]. The study by Hokamabadi et al. (2017) revealed
that the safety of buildings, people, and activities is at its lowest level, with the highest risk and fire
potential directed towards people[16]. In a study by Sarsangi et al. (2013), it was found that the fire
risk for individuals in all units is greater than 1, indicating a high risk of fire in the hospital complex
with potential intolerable damage in case of a fire[17]. In a study by Bashyal et al. (2022), it was found
that the hospital has insufficient firefighting equipment and lacks adequate preparedness to deal with
fires[18]. However, studies show that by implementing safety principles, 75% of these fires are
predictable and preventable[19]. Hashemi (2020) conducted a study on a fire incident in an office
building using the Fire Dynamics Simulator (FDS). The study found that detectors speed up
evacuation, while sprinklers reduce damage. Delayed evacuation can result in risks such as decreased
visibility and inhalation of toxic gases (HCl, CO, and CO2)[20] . In another study conducted by
Guangxia Hu (2020) focusing on high-rise residential buildings, the findings indicated that during
the initial 60 seconds of a fire incident, the area surrounding the fire is conducive for evacuation.
Moreover, the state of the door in the room where the fire originated significantly influences the
successful evacuation of individuals[21]. Therefore, using suitable methods to identifying hazards,
evaluating consequences, assessing the risk, and implementing technical and managerial measures
to control incidents can greatly reduce fire damages. One of the most critical and challenging areas
during emergencies, in hospitals is the Neonatal Intensive Care Unit (NICU), where the most
vulnerable population, infants, receive specialized care. These infants encounter various medical
issues, and ensuring proper temperature regulation, respiratory support, cardiac monitoring, and
other essential interventions are crucial for their survival. As a result, discharging these infants in
case of emergencies, poses one of the most demanding challenges in emergencies[22,23].
Chowdhury (2013) examined 34 fires in Indian hospitals, and found that that they occurred in areas
with oxygen gas near patients and electronic devices, especially in the NICU and ICU units[24]. The
outcome of fire accidents is influenced by factors such as heat generation, smoke, and dispersion.
Obtaining this data is complex and is typically done through two methods: conducting real (live) fires
in structures to measure temperature, smoke levels, and pollutant emissions with sensors. this
approach is a costly and time-consuming process. An alternative method, has gained attention among
fire engineering experts, is simulating fires in buildings. This method avoids actual fires, reduces
costs and time, and eliminates the risk of fatalities entirely[20]. One practical approach for simulating
fire consequences is Computational Fluid Dynamics (CFD) studies,which have various applications
in fluids simulations. Due to the complexity and time-consuming nature of CFD calculations,
specialized software is utilized to enhance accuracy and speed. Pyrosim is a CFD tool based on FDS
which is commonly used for fire simulation in indoor building spaces[25]. This software can predict
temperature, visibility, and toxic gas levels before and after a fire, allowing for analysis of fire
scenarios in locations like metro stations, residential, commercial, and hospital buildings[26]. Given
the significance of fire safety in hospitals, the aim of this study, was to numerically simulate the fire
behavior and evaluate the efficiency of control devices in the neonatal intensive care unit (NICU). To
demonstrate the applicability of the method, a practical CFD study was conducted in a hospital at
Bushehr province in Iran.

2. Materials and Methods

This research was conducted in several stages to achieve its objectives.

2.1. Sketching Up the 3D Structure of a Building and Specifying Its Internal Details

At this stage, the two-dimensional map of NICU (including the overall dimensions of the
building, the sizes of walls, doors, windows, and other elements), obtained from the hospital's civil
engineering office. Subsequently, the two-dimensional map transferred into the SketchUp software
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version 2024 to generate a 3D map. Subsequently, the 3D map was imported into PyroSim software
version 2023 (Figure 1). Afterward, the dimensions of tables, chairs, closets, beds (for babies and
mothers), and all objects relevant to the simulation, along with their positions, were manually
measured and transferred into the PyroSim. It should be noted that the NICU unit covers an area of
432 m? with an exit door width of 160 cm, a ceiling height of 3 meters, and walls with a thickness of
40 cm. It includes 18 rooms with 27 beds for sick babies and 8 beds for babies” mothers (Figure 1).

i %
D

L" Neonatal Room / Fire Room

k—‘D Mothers' Restroom

U Exit Corridor

Figure 1. Fire parameter measurement and exhaust device locations in the NICU.

In Figure 1, points A, B, C, and D describe the measurement points for temperature, visibility,
and levels of toxic gases (carbon dioxide, carbon monoxide, and oxygen) respectively. Points 1, 2, and
3, demonstrate the ceiling exhausts, and point 4 displays the location of portable exhaust located at a
height of 1 meter from the ground. At point 1, also, there is a smoke detector with a darkness
threshold of 3.28%/m. The structural composition and materials of surfaces and objects in the NICU
unit are detailed in Table 1, and the thermal properties of these materials are provided in Table 2.

Table 1. Structural composition and materials in the NICU.

Surfaces and objects

Material and composition ratio (m)

Wall

Plaster 0.05 - Concrete 0.35

Table

Wood 0.06 - Metal 0.005

The chair

Foam 0.08 - Fabric 0.003 - Metal 0.005

hospital bed

Foam 0.1 - Fabric 0.005 - Metal 0.005

ceiling

Concrete 0.3- plaster 0.1

Table 2. Thermal properties of surface materials [27,28].

Surface Materials Density | Heat Conductivity | Heat Capacity | Heat of Combustion
(Kg/m3) (W/m-K) (kJ/kgK) (Kj/mol)
Foam 28 0.05 1/7 25400
Cloth 100 0.1 1/357 -
Concrete 2280 8/1 1/04 -
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Wood 540 0.166 2/4 196500
Gypsum Plaster 1440 0.48 0.84 -
Iron 7900 80 0.45 -

2.2. Importing Fire Simulation Data

In designing fire simulation scenarios, the principle of selecting the most unfavorable (worst
case) fire scenario is typically followed. The characteristics of simulations in this study were chosen
based on the most common and severe source and rate of fire [21]. In this instance, a fire source of 1
m? (1 * 1 m) meter, which originated from the mattress of a patient's bed in the room (where the sick
babies are hospitalized), was identified as the source of the fire. The heat release rate (HRR) of the fire
source under consideration was determined at 1009.58 KW/m2, with an assumed duration of 600
seconds [28]. The fire was assumed that initiated from an electrical connection in medical equipment
in the room. In this simulation, a mesh size of 0.23 x 0.23 x 0.23 was used to investigate the spread of
fire components, and a total of 134,430 cells were obtained. To allow for the circulation of smoke in
the environment, the mesh was left open at two points: one at the window of the room where the fire
started and the other at the exit door of this treatment section. Polyurethane foam (GM27) was
defined as fire reaction [29] .

2.3. Determination of Scenarios

The study evaluated the effectiveness of portable and ceiling exhaust systems in reducing smoke,
temperature, and toxic gases in three fire scenarios. The details of scenarios for this study can be
found in Table 3. Also Figure 1, demonstrates the spatial location of exhaust systems. Figure 2
displays the picture of the exhaust systems used in scenarios 2 and 3. To evaluate the fire
consequence, cross-sections or points at a height of 1.65 meters from the ground[20] were chosen near
the fire's origin, the room's exit door, and the center of the department's corridors. Also, the smoke
detector was placed near the fire origin point. Additionally, ceiling exhausts were installed at a height
of 2.85 meters from the ground at three equidistant points from the sides, as shown in Figure 1. The
specific locations are described in the Figure 1.

Table 3. Characteristics of fire simulation scenarios.

9 Scenario Specifications
—
g . Time and Method Installation | Flow rate D
% | Control equipment | No. . .
9y of Activation Location (m?/s) (m)
1 Fire starts without control devices
Portable exhaust . .
2 Model: BTF-60 1 Smoke detector + 2 min Point 6 3/99 0/5
Ceiling exhaust .
3 Model: Zilabag 3 Smoke detector Point 1,3,4 1/33 0/5

Figure 2 shows the portable and ceiling smoke exhausts used in fire scenarios.

Figure 2. Images of portable exhaust systems and the ceiling.
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2.4. Definition of Human Life Safety Standard

A tolerable environment is one that sustains human life for a specific duration. In the case of a
building fire, the fire characteristics play a crucial role in determining people's responses to the
situation. The primary and most influential factor affecting people's reactions to fire is the nature of
the fire itself. Hence, in this study, threshold limits for temperature, visibility, and toxic gases (CO,
CO2, and O2) was established based on prior research and established standards. These threshold
limits are illustrated in Figure 3.

60°C —— Tolerable 10 min
80°C —— Tolerable 3.8 min
70°C —— Tolerable 6 min

n{ 3-5m —— Appropriate vision for Nurses
10-15m —— Appropriate vision for Visitors

Life Safety Standards n{ 800 ppm —— 45min —— Unconsciousness and vomiting

1400 ppm — 1-2hour —— Headache,dizziness,nausea

m{ 30000 ppm —— Brain damage,coma and even death
> 5000 ppm — Increase blood pressure and pulse

n{ 21% —— Normal outside air / without effect
17% — Impaired judgement and coordination

.

Figure 3. Tolerable amounts of fire products for humans .[33-20,30]

3. Results

After transforming the data into the PyroSim and running the simulation, the results of the fire
scenarios, such as smoke quantity, temperature, visibility, and toxic gas levels, were generated as 3D
cross-sections and Figures. The following section provides a detailed overview of the results.

3.1. 3D View of Smoke Spread

Figure 4, shows a 3D cross-section view of the smoke spread from various fire scenarios at
different times (300 and 600 Sec.).
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Scenariol

Figure 4. 3D cross-sectional view of fire smoke.

As can be seen from Figure 4, in scenario 1, at time of 300s, the smoke has spreaded from the fire
origin room to the corridors, and by 600 seconds, the smoke has enveloped the entire area. In both
time slices of scenario 2, the smoke has covered the room where the fire started and the corridors. By
the second 600, in addition to the abovementioned spaces, the smoke has propagated to some rooms,
including the mothers' rest room. In scenario 3, throughout the entire duration of the fire simulation,
the smoke remains confined solely to the room where the fire originated, with variations in smoke
concentration observed across different time slices.

3.2. 3D Visibility

A 3D representation in Figure 5, illustrates the cross-sectional visibility in fire scenarios at
different simulation time points (Again 300 and 600 Sec).

Scenariol s : Scenario2 Scenario3

Figure 5. 3D cross-sectional view of visibility.

According to Figure 5, in scenario 1, at 600 seconds, visibility is zero in Almost all locations Also,
in both time slices of Scenario 2, there is complete visibility in specific areas, such as the exit corridors
and adjacent rooms. Additionally, the smoke has increased in the rooms on the north side of this
section. In both time slices of scenario 3, the reduction of visibility is limited to the room where the
fire is located, and the only difference between these time slices is the amount of visibility.

3.3. Visibility Figure

Figure 6 illustrates visibility levels across various fire scenarios over time.
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Visibility (m )

Time (S)
= Point A - S1 =—Point B - S1 Point C - S1 Point D - S1
——Point A - S2 Point B - S2 ——Point C - S2 —Point D - §2
—Point A - S3 ——Point B - S3 ——Point C - S3 ——Point D - S3

Figure 6. diagram of Visibility Levels in Various Scenarios.

Note: Visibility in the first 100 seconds of the simulation is 30 meters, but this detail is omitted
from the figure.

According to Figure 6, which illustrates the visibility levels at different points and time slices, it
can be seen that at point A, visibility decreases below 5 meters (around 170 seconds) in all three
scenarios, eventually reaching zero. Only in scenario 3 visibility exceed 5 meters in the last 50 seconds
of simulation time. At point B, visibility drops below 5 meters at 180 seconds in scenarios 1 and 2, and
occurs 20 seconds later in scenario 3. For point C, visibility falls below 5 meters at 270 seconds in
scenarios 1 and 2, while in scenario 3, visibility remains above 10 meters throughout the simulation.
At point D, visibility dips below 5 meters at 350 seconds in scenario 1, reaching 5 meters, whereas in
scenarios 2 and 3, visibility remains constant throughout the simulation.

3.5. Temperature Profiles Figure

Figure 7 shows temperature profiles from fire scenarios over time.
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50
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20

50 100 150 200 250 300 350 400 450 500 550 600
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—Point A - S3 —Point B - 83 ——Point C - 83 ——Point D - S3

Figure 7. diagram of Temperature Levels in Various Scenarios.

Note: The temperature stays at 20°C for the first 50 seconds of the simulation, but this is not
clearly shown in the figure.

According to Figure 7, at point A, the temperature is above 80 °C from 290 to 410 seconds in
scenario 1 and from 295 to 395 seconds in scenario 2. In scenario 3, the maximum temperature is 60
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to 70 °C for 310 to 350 seconds. At point B, between 320 to 380 seconds, the temperature is above 80
°C in scenarios 1 and 2, and between 60 to 70 °C in scenario 3. At point C, the temperature is below
30 °C in scenarios 1 and 2, and 20 °C in scenario 3. At point D, the temperature is almost below 22 °C
in all three scenarios.

3.6. CO Concentration Figure

Figure 8 displays carbon monoxide levels in different fire scenarios over time.
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Figure 8. Diagram of CO Concentration Levels in Various Scenarios.

Note: The carbon monoxide concentration is zero until the 100th second of the simulation and is
not shown on the graph.

According to Figure 8, in scenario 1, the CO concentration at point A is below 700 ppm. in
scenario 2 it is below 600 ppm, and in scenario 3 it is below 300 ppm. At point B in scenario 1, between
350 to 430 seconds, the gas concentration ranges from 700 to 750 ppm. In scenario 2, between 330 to
430 seconds, CO levels are between 600 to 700 ppm. In scenario 3, the concentration remains below
500 ppm. At point C in scenario 1, the CO level is 0 ppm. In scenario 2, the total simulation time is
under 250 ppm, and in scenario 3, it is under 170 ppm. At point D in scenario 1, the peak value is 70
ppm, while in scenarios 2 and 3, no CO is generated.

3.7. CO2 Concentration Figure

Figure 9 also shows the levels of CO2 concentration resulting from various fire scenarios at
different simulation times.
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Figure 9. Diagram of CO2 Concentration Levels in Various Scenarios.

Note: The graph omits the CO2 concentration for the first 100 seconds of the simulation for
clarity.

According to Figure 9, in Scenario 1, at point A, the concentration of CO2 varies between 12,000
to 16,000 ppm over a duration of 310 to 440 seconds. In scenario 2, the concentration varies between
12,000 - 14,000 parts ppm within a period ranging from 330 to 390 seconds and in scenario 3, the
concentration falls below 7000 ppm. At point B, in scenario 1, the carbon dioxide concentration
fluctuates between 12,000 to 18,000 ppm from 310 to 420 seconds. In scenario 2, the concentration
surpasses 12,000 to 16,000 ppm between 310 to 480 seconds. In scenario 3, the concentration remains
below 12,000 ppm for the entire duration of the simulation. At point C, in scenario 1, CO2
concentration fluctuates between 5000 to 7500 ppm from 340 seconds until the end of the simulation.
In scenario 2, the concentration varies between 2000 to 5000 ppm from 330 to 430 seconds. In Scenario
3 shows a peak concentration of 500 ppm. At point D, in scenario 1, the maximum concentration peaks
at 2000 ppm, while in scenarios 2 and 3, it remains stable compared to the initial time.

3.8. Oxygen Concentration Figure

Figure 10 shows O2 concentration (%) during fire scenarios at various times.
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Figure 10. Diagram of O, Percentage in Various Scenarios.

Note: The oxygen concentration stays at 21% for the initial 100 seconds of the simulation, but
this information is not depicted in the graph.
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According to Figure 10, in scenario 1, point A shows the lowest O2 concentration at 18% between
320 to 440 seconds. In scenario 2, the concentration drops to 18% between 340 to 370 seconds, and in
scenario 3, it reaches 20% between 240 to 490 seconds of the simulation. At point B, in scenario 1, the
lowest O2 concentration is 18% from seconds 320 to 560, in scenario 2, it is 18% from seconds 320 to
370, and in scenario 3, it is 19% from seconds 300 to 460 of the simulation. At point C in scenario 1,
the oxygen concentration is 20% from 275 seconds onwards, and in scenario 2, it is 20% from 310
seconds until the end of the simulation. In scenario 3 at point C and in all scenarios at point D, the
oxygen concentration remains constant at 21%. At point C, in scenario 1, O2 concentration is 20%
from 275 seconds until the end of the simulation. In scenario 2, it remains at 20% from 310 seconds
until the end. In scenario 3 at point C and in all scenarios at point D, O2 concentration remains
constant at 21%.

4. Discussion

The primary goal of fire safety is to ensure safe evacuation and protect human life. In the event
of a building fire, factors such as fire growth rate, spread, smoke volume, heat intensity, toxicity, and
visibility play a critical role in determining response strategies[20]. This study evaluated the
effectiveness of both portable and ceiling exhaust systems in controlling fire byproducts to reduce
risks for occupants and firefighters.Three scenarios were defined: Scenario 1 had no control measures,
Scenario 2 employed a portable exhaust system, and Scenario 3 utilized ceiling exhaust systems.The
analysis of 3D figures at the 600th second of the fire demonstrated that Scenario 3 was more effective
than Scenario 2 in reducing smoke levels and enhancing visibility, despite both scenarios utilizing
identical exhaust systems.This difference may be attributed to several factors. For instance, in both
scenarios, the smoke detectors are activated simultaneously. However, in Scenario 2, there is a 2-
minute delay in the activation of the portable exhaust system due to the manual installation and
activation process. Additionally, because hot air has a lower density than cold air and rises upward,
ceiling exhaust systems are more effective at removing smoke. This process reduces smoke
concentration in the area, thereby enhancing visibility. Another contributing factor is that the ceiling
exhaust system is installed in three optimal positions, which facilitates the extraction of smoke from
various directions. Liang et al. (2019) similarly found that effective air vent positioning, airflow, and
optimal design can improve occupant evacuation safety during a fire[34]. In Scenario 3, visibility near
the fire source and exit door remained above 5 meters for approximately 170 seconds after ignition.
Figure 3 shows that only nurses and familiar individuals can successfully evacuate at this visibility
level. Moreover, during the simulation, visibility in the middle of the NICU and its exit corridors was
sufficient to ensure the safe evacuation of both medical personnel and visitors.In Scenario 3,
temperatures near the fire and exit door ranged from 60 to 70°C from 310 to 380 seconds. According
to Figure 3, this duration of exposure is shorter than the maximum endurance time for this range, so
prompt evacuation poses no risk to patients, staff, or visitors. Conversely, Scenario 2 indicates that
portable exhaust systems are less efficient than ceiling systems, leading to a smaller temperature
decrease. As a result, from seconds 290 to 390, the fire ignition temperature exceeded 80°C. According
to Figure 3, this temperature is unacceptable and poses a significant risk of harm to individuals.In a
study conducted by Long et al. (2017), the results indicated that the highest temperatures occur in the
room where the fire originated [25], which aligns with the findings of the current study.The carbon
monoxide (CO) concentration in all scenarios was not hazardous due to short exposure times.
However, Scenario 1 recorded a CO level of 750 ppm near the fire room exit, which can cause
headaches, unconsciousness, and vomiting after 45 minutes. Exhaust systems have not effectively
reduced CO2 levels in the fire room, which can elevate blood pressure and heart rate. In the middle
and exit corridors, located away from the fire, CO2 levels are safe for occupancy. This study identifies
the lowest oxygen concentration in Scenario 1, which is located near the fire room exit and the
portable exhaust system. As shown in Figure 3, this low level can impair judgment and balance. The
decrease in oxygen is due to increased CO2 and other gases in the confined space, along with oxygen
consumption from combustion. Additionally, the proximity to the exit and the exhaust intake leads
to the accumulation of toxic gases and further reduction in oxygen levels. The study found that the
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portable exhaust system raised oxygen levels by 1%, while a ceiling exhaust system increased them
by 2% compared to the scenario without any exhaust system.Behbahani et al. (2021) analyzed two
fire scenarios: one with and one without a ventilation system. The results revealed a 93% reduction
in smoke concentration and a 65% decrease in temperature in the ventilated scenario compared to
the non-ventilated one[35].This study confirms these findings. Also Hashemi (2019) emphasizes that
smoke exhaust systems are effective in removing toxic gases and smoke in crowded or fire-prone
areas[19] , which was consistent with the findings of the present study.

5. Conclusions

This study was conducted to evaluate the effectiveness of portable and ceiling exhaust systems
in removing fire products, concluding that ceiling systems are more effective. Based on the results of
this study, it is recommended to use CFD simulation for modeling fire consequences and evaluating
the efficiency of control devices, in order to increase accuracy and facilitate the process. The findings
of this study significantly enhance the comprehension of fire control equipment among medical
facility architects and hospital firefighting teams, thereby facilitating its effective utilization to
mitigate fire-related damage. This research assesses the advantages and disadvantages of various fire
control devices through performance simulations, which empowers builders to make informed
design choices and improve safety measures. Additionally, firefighting teams can refine their incident
management strategies, ultimately reducing casualties and financial losses during emergency
situations.
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