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Abstract: The study of fire simulation and emergency evacuation in cruise ships is a challenging
aspect of cruise safety research. Investigating the impact of fire byproducts on passenger evacuation
is a critical issue that urgently needs to be addressed. This paper utilizes PyroSim 2022 software to
establish five fire cases, analysing the fire products concentration under each case. The influence
of fire products on passenger evacuation was analysed using PathFinder. The results showed that
when the fire source is in the stage area, the impact of fire byproducts on passenger evacuation is
relatively minor. However, when the fire source is near the exit, especially in cases 1 and 2, fire
byproducts tend to accumulate in the right area of the second floor, significantly affecting passenger
evacuation. Moreover, during the evacuation process, a large number of passengers exhibit herd
behaviour, leading to some passengers being unable to evacuate safely. To address the congestion
issue, an optimized evacuation guidance plan is proposed, that can effectively improve evacuation
efficiency and reduce the average congestion time per person. This has a positive role in enhancing
the safety level of cruise ship fires.

Keywords: cruise ship theatre; fire simulation; evacuation simulation; guided optimization

1. Introduction

The internal structure of large cruise ships is complex and the number of passengers is
large [1]. In the event of a fire, the difficulty of evacuation is immense. Statistics indicate
that ship fires constitute 11% of the total maritime accidents, ranking fourth, yet they result
in far greater losses and fatalities than other types of maritime disasters [2,3]. Moreover,
fires often occur unexpectedly, severely limiting the time available for passengers and crew
to escape [4]. A theatre on a cruise ship, as one area of the cruise ship, is typically designed
to occupy two decks to form a cross-deck structure. Unlike a theatre on land, which is
an independent building, the height of a theatre on cruise ship is constrained by the deck
height, and the space is limited by the dimensions of the cruise ship. In the event of a fire,
smoke will rapidly reach the ceiling and spread laterally, while fire products will quickly
fill the entire space of a theatre on cruise ship. Fire products can be extremely detrimental
to the evacuation of passengers and is prone to causing casualties. Therefore, it is necessary
to simulate fire scenarios in cruise ship theatres and carry out research on the impact of fire
products on passenger evacuation under the conditions of fire spread.

In the past, several scholars have conducted extensive research on cruise ship fire
simulation and the emergency evacuation of passengers [5,6], with experimental research
into cruise ship fires continually advancing [7,8]. Current research primarily focuses
on the mathematical inference of cruise ship fires and passenger evacuation [9,10], as
well as the simulation [11] and analysis of evacuation processes [12], encompassing the
simulation [13], analysis [14], and prevention of fire incidents [15]. By replicating fire
accidents on ships, an examination of the fuel systems in the engine room can elucidate the
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high-risk scenarios that may arise, including the impact of fires, explosions, and sinking on
the ship’s structural integrity [16]. On this basis, Yang [17] and Galea [18] independently
utilized computer simulations to reconstruct the occurrence of fire accidents on ships. A
specialized program for ship fire simulation has been developed, offering precise simulation
methods for typical phenomena observed in fire scenes, such as pyrolysis behaviour and
smoke distribution [19]. Furthermore, a sensor system designed specifically for detecting
fire smoke has been introduced, featuring unique longwave imaging capabilities that can
promptly identify the emergence of flames and detect high-temperature equipment on
board ships [20].

To investigate the causes of fire accidents and to effectively quantify the processes
and outcomes of such incidents, fire dynamics models [21,22] and probabilistic accident
analysis methods [23,24] are extensively applied in the analysis of maritime fire accidents.
Fire dynamics models are primarily used for risk analysis of smoke spread in ship fires.
This method is very effective for analysing and predicting the consequences of ship fire
incidents, but there is uncertainty in the calculation process. Consequently, researchers
often rely on extensive datasets, employing probabilistic accident analysis techniques such
as event trees, fault trees, and Bayesian methods to provide a detailed quantification of the
accident occurrence and its consequences [25]. This enables a predictive analysis of the
characteristics at various stages of fire development, the average area of ship compartments
affected by fire post-incident, and the probability of fatalities resulting from maritime
fire accidents.

For maritime fire accidents, human error, mechanical malfunction, electrical faults,
and thermal reactions are common causes of incidents [4]. Franz Evegren et al. [26]
enhanced existing fire alarm systems by integrating full-scale ship aerosol and thermal
signal indicators, facilitating the real-time detection of fire conditions and the issuance of
preemptive alerts during the incipient phases of a fire. In addition, the smoke produced
by maritime fire accidents has a significant impact on human safety. Hwang et al. [27]
conducted extensive research on the correlation between smoke density and visibility with
respect to human safety. Through a series of 12 experimental simulations, they determined
that when the smoke transmittance rate falls between 70% and 80%, the survival rate of
individuals is significantly reduced to a range of 10% to 20%.

Regarding the research on ship fire simulations, some scholars have established fire
models of various scales to simulate the entire process of compartment fires [28,29], further
exploring the development patterns of fires and the spread of smoke [30]. During the fire
growth phase, Hoover et al. [31,32] conducted comparative studies between experiments
and models by altering the types of combustible materials. They tested the spread charac-
teristics of fires using diesel, polyurethane boards, and wood stacks as fuel sources under
different ventilation conditions. In the fire explosion phase, Gottuk et al. [11] delved into
the damage caused by fires to adjacent cabins and the temperature distribution of spatial
heat transfer. Wickström et al. [33] performed comparative analyses between data obtained
from large eddy simulation-based fire thermal models and those from fire experiments to
evaluate the effectiveness of smoke ventilation systems. Additionally, Braun et al. [34–36]
investigated the impact of compartment openings and smoke ventilation conditions on
fire spread characteristics in large passenger ships, analysing the different roles of air
conditioning and smoke ventilation systems in fire-affected areas.

Actual ship evacuation experiments and evacuation simulations are the two main
methods used in ship evacuation research. Actual ship evacuation experiments can directly
obtain data on crowd flow, pedestrian speed, reaction time, and other aspects of the actual
evacuation process, providing reliability validation for the establishment of ship evacu-
ation simulation models. Through multiple evacuation experiments, the SAFEGUARD
project within the EU framework [37] collected experimental data such as the reaction
time, movement time, assembly time, and abandonment time of evacuees, providing a
reliable validation approach for subsequent ship evacuation research. Murayama [38] and
S. Gwynne [39] independently executed evacuation experiments on small passenger vessels
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involving several hundred individuals, gathering data on evacuees’ walking speeds and
evacuation durations to substantiate the passenger ship evacuation models they developed.
Given the potential hazards that actual ship evacuation trials may pose to both participants
and vessels, the significance of utilizing an apparatus that simulates maritime environments
for conducting evacuation experiments is underscored. The Korea Research Institute of
Ships and Ocean Engineering (KRISO) [40], Netherlands Organization for Applied Scien-
tific Research (TNO) [41], Swiss Federal Institute of Technology (ETH) [42], Canadian BMT
Fleet Technology Company [43], and Monash University [44] in Australia have all engaged
in pertinent experiments and have derived correction factors for the movement velocities
of evacuees at various locations on the ship under ship heeling and pitching based on the
experimental data.

The research on ship evacuation simulations should consider not only the narrow
passageways and complex layouts on ships but also pedestrian evacuation models and
strategies. Several evacuation simulation models have been applied to ship evacuation
studies. For instance, Sol Ha et al. [45] employed the cellular automaton model in ship
evacuation and proposed a weighted algorithm to handle counterflow situations during
evacuation. Arshad et al. [46] proposed an optimization evacuation model, accounting
for variations in pedestrian movement speeds during simulation. To describe passenger
behaviour in emergencies and explore the impact of human factors on ship evacuation,
Balakhontceva et al. [47] utilized the multi-agent model. Furthermore, some scholars have
conducted in-depth research on ship evacuation strategies. For example, Smith et al. [48]
used a computer simulation model to study evacuation times and route choices under
different conditions, offering suggestions for improving evacuation schemes. Williams
et al. [49] analysed the effectiveness of various evacuation strategies through a combination
of field tests and computer simulations. Lee et al. [50] conducted a comparative analysis of
evacuation models for offshore platforms and ships, assessing their practical applications
by comparing different types of evacuation models and strategies.

From the above discussion, it is evident that current research on the scope of fires
predominantly focuses on fire simulation, analysis, and prevention. The spread of fire
smoke and the impact of fire byproducts on the human body are less frequently addressed
in the current literature. Research on ship fires, offshore platform fires, and maritime
explosions frequently reduces the complexity of the simulated space, neglecting numerous
shipboard installations, which can lead to discrepancies between analytical processes and
actual conditions. Moreover, fire simulation studies concerning cruise ship theatres, areas
with the highest passenger capacity, are still limited to a single initial fire source location.
Most researchers tend to represent the structure of cruise ship theatres as either fully
enclosed or semi-open enclosed spaces in a simplified manner.

The varying age groups of passengers on cruise ships exhibit significant differences
in emergency behaviour during crises. Additionally, fire can render certain pathways
and exits unusable, necessitating real-time adjustments to evacuation routes. Therefore,
effectively simulating cruise ship fire scenarios and passenger evacuation processes presents
a substantial challenge.

In addition, studies that integrate fire scenarios with evacuation scenarios and assess
the potential adverse effects of fire byproducts on human beings during the evacuation
process are mostly concentrated on the evacuation of the entire ship. For scenarios typical of
cruise ship theatres, characterized by a substantial population and challenging evacuation
logistics, the current research on fire evacuation is in its infancy stage and needs more
in-depth investigation.

By simulating fire scenarios and evacuation processes, potential hazard areas and
evacuation bottlenecks can be identified, allowing for the optimization of evacuation
strategies and reduction of casualties during fires and evacuations. Furthermore, based
on the results of simulation and research, scientific evidence can be provided for cruise
ship design to optimize layout, enhancing fire protection performance and evacuation
efficiency. This approach also facilitates the development of more scientific and practical
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fire emergency plans, improving passenger preparedness and awareness, ensuring a swift
and effective evacuation during a fire incident.

This paper describes a fire simulation and emulation for various hazardous ignition
points within a cruise ship’s theatre, investigating the diffusion patterns of fire temperatures
and the propagation of smoke under diverse spatial conditions. Additionally, the fire
scenarios of cruise ship theatres are integrated with evacuation scenarios, considering
the impact of fire byproducts on passenger evacuation under various location conditions.
Furthermore, in response to the congestion issues encountered during the evacuation
process, a rational evacuation optimization scheme is proposed by analysing the evacuation
results of different guidance plans.

The remainder of this paper is structured as follows: Section 2 describes the fire
simulation and emulation for the cruise ship theatre; Section 3 describes the fire simulation
and emulation for different fire source location conditions in the cruise ship theatre and
analyses of the computational results; Section 4, based on the results of the fire simulation
and emulation, simulates the passenger evacuation process and carries out an evacuation
guidance analysis focusing on the weak links that emerged during evacuation; Section 5 is
the conclusion of this paper.

2. Simulated Scenario

The cruise ship theatre, as a typical representation of a large interior space on cruise
ships, has a vast interior space and a large amount of furniture. Once a fire occurs, the
conflagration can increase rapidly. The present study focuses on the Vista cruise ship,
measuring 323.6 m in length and 37.2 m in breadth. Specifically, the theatre on the cruise
ship extends over the fourth and fifth decks; the layout of the cruise ship theatre is depicted
in Figure 1.
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2.1. Establishment of Physical Models

During the construction of fire scenarios, it is essential to account for established
parameters and latent hazards, to comprehend the specifications of the cruise ship, to
discern factors that may impact safety within the theatre, and to strategically position the
fire source in alignment with the research goals. This paper models the theatre area of the
cruise ship, which measures 40.6 m in length, 28.38 m in width, and 7.05 m in height, and
encompasses two levels. As shown in Figure 1, the 1st floor contains a total of 442 seats,
with 136 seats on each side passenger area and 170 seats in the central passenger area. The
second floor contains a total of 344 seats, with 169 seats on each side passenger area and six
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seats in the central passenger area. The stage is located at the forefront of the first floor of
the theatre, and there are a total of eight exits in the theatre. Exits 1 to 4 are located on the
1st floor of the theatre, while Exits 5 to 8 are on the 2nd floor of the theatre. Specifically,
exits 1 and 2 are placed at the rear of the theatre, with Exits 3 and 4 are adjacent to the stage
on either side. Exits 5 and 6 are also situated at the rear of the theatre, and Exits 7 and 8
function as stairway entries connecting the second floor to the first floor of the theatre. The
specific dimensional details are provided in Table 1.

Table 1. Exit size information.

Exit Height Width

Exit 1 3270 mm 2370 mm

Exit 2 3270 mm 2370 mm

Exit 3 3670 mm 1800 mm

Exit 4 3670 mm 1800 mm

Exit 5 3440 mm 4100 mm

Exit 6 3440 mm 4100 mm

Exit 7 3440 mm 1050 mm

Exit 8 3440 mm 1050 mm

The superstructure of the ceiling and the bulkheads within the theatre region of a
cruise ship is conventionally composed of Q235 steel, which is generally 10 mm thick. The
surface is adorned with an aluminium plate layer that measures approximately 5 mm in
thickness. In this study, Q235 steel with a thickness of 5 mm was selected as the deck
material for the cruise ship theatre area. On the basis of the deck, a 17 mm layer of impact
compound was applied, followed by a 3 mm layer of Visco compound. The performance
parameters of aluminium and steel under standard conditions are shown in Table 2.

Table 2. Performance parameters of materials.

Parameter Value of Aluminum Value of Steel

Density(kg/m3) 2700 7850

Specific heat capacity [J/(kg·◦C)] 880 460

Melting point (◦C) 660.4 1495

Thermal conductivity [W/(m·k)] 237 45.8

Emissivity 0.9 0.95

The seats in cruise ship theatres are typically composed of upholstery, foam padding,
and seat frames. The materials used for these seat components are detailed in Table 3. While
providing comfort, these materials also meet fire resistance and durability requirements.

Table 3. Seat components and materials.

Components Materials Density (kg/m³)

Upholstery Polyolefin fabric 0.2

Foam padding Urethane foam 30

Seat frame Polypropylene foam frame 50

PyroSim, a specialized software for fire dynamics simulation (FDS) [51], is extensively
utilized for the simulation and prediction of smoke, carbon monoxide (CO), and other toxic
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gases in fires, as well as the distribution of fire temperatures and smoke concentrations.
Numerical simulation methods of fluid dynamics can predict the pathways of smoke dis-
persion, the combustion characteristics of flames during fires, and the influence of airflow
on fire spread. Numerical simulation methods include Large Eddy Simulation (LES) and Di-
rect Numerical Simulation (DNS). DNS, with its high computational cost, is mainly suitable
for simulating smoke in small spaces. LES, on the other hand, can effectively handle the
interaction between buoyancy and turbulence, making it suitable for simulating smoke in
larger spaces. PyroSim utilises LES to describe the fluid dynamics phenomena in fires, such
as the spread of smoke and thermal currents. This approach not only accurately simulates
the thermal and flow characteristics of fires but also precisely simulates the aerodynamics
of smoke, including turbulence and temperature distribution [52,53]. Additionally, the
combustion model in PyroSim can effectively simulate fire growth, heat release rates, and
smoke layer development observed in large-scale fires [54]. It can accurately replicate key
aspects of fire dynamics, such as temperature distribution, flame spread, and smoke move-
ment [55]. The fundamental governing equations of LES include the mass conservation
equation, momentum conservation equation, and energy conservation equation.

The mass conservation equation is commonly employed to describe systems involving
fluid mechanics, thermodynamics, or other material flow. The computational formula is
represented by Equation (1).

∂ρ

∂t
+∇·(ρu) = 0 (1)

where ρ is the fluid density, t is the time, u is the velocity vector, and ∇ is the divergence
operator.

The momentum conservation equation is widely applied in fluid mechanics to describe
the motion of fluids and the interaction of forces. The computational formula is represented
by Equation (2).

ρ

(
∂u
∂t

+ (u·∇)u
)
= −∇p + µ∇2u + f (2)

where ∂u
∂t is the acceleration vector, p is the pressure, µ is the dynamic viscosity coefficient,

∇2 is the Laplacian operator, and f is the body force.
The energy conservation equation is a fundamental equation in physics that describes how

energy changes within a system. The computational formula is represented by Equation (3).

∂

∂t

(
ρe +

1
2

ρu2
)
+∇((ρe + p)u) = ∇·(k∇T) + ϕ + u· f (3)

where e is the internal energy, k is the thermal conductivity, T is the temperature, and ϕ is
the viscous dissipation function.

The physical model of the theatre constructed with the PyroSim software used in this
paper is shown in Figure 2. The seats are arranged along the width of the cruise ship,
presenting a semi-circular layout. The numerical simulation boundary conditions primarily
include solid boundaries and open boundaries in PyroSim software. In this paper, the solid
boundaries were set as the theatre walls, and the open boundaries were defined as Exits 1–6.
The initial simulation conditions were as follows: an air temperature of 20 ◦C, a relative
humidity of 50%, a wind speed of 0 m/s, and an atmospheric pressure of 101,325 Pa [56].
In addition, when constructing the fire scenario, “worst-case” factors were considered,
meaning that the sprinkler system and mechanical smoke exhaust system were out of order
and could not function properly. This paper primarily examines the fire development
characteristics of cruise ship theatres when the fire protection systems are unavailable.
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2.2. Fire Source Power and Scenario Configuration

At present, the combustion process of fires is commonly described by steady-state
and nonsteady-state conditions [57]. The steady state represents an idealized condition of
constancy, where the heat release rate of the fire does not fluctuate with time. In reality,
the intensity of the fire source varies with time, and the combustion process goes through
four stages: ignition, growth, culmination, and decay. This paper primarily considers the
ignition and growth phases of the fires when establishing the fire scenario. Therefore, the t2

model was utilized as the fire modelling framework. The calculation of the heat release
rate is shown in Equation (4).

Q = α·t2 (4)

where Q is the heat release rate (kW), α is the fire growth coefficient (kW/s2), and t is the
fire development time (s).

In this paper, the t2 model was utilized in the design of the fire scenario. As shown in
Table 4, the t2 model can be further categorized into four types based on the fire growth
coefficient α: slow, medium, fast, and ultrafast. In performance-based design, the medium
and fast types are commonly selected [58]. Considering that the main combustibles in
cruise ship theatres are the seats and stage, which exhibit rapid combustion rates, α was
chosen as the fast type.

Table 4. The value of fire growth factor α.

Fire Type Fire Combustibles α/kW·s2 Time to Reach a Heat
Release Rate of 1 MW/s

Slow speed Hardwood furniture 0.002931 600

Medium speed Cotton or fiber products 0.01127 300

Fast speed Wooden frame or foam 0.04689 150

Ultra-fast speed Pool fire or curtain 0.1878 75

The theatre interior is densely packed with seats, and the fire sources are placed in the
seating areas on both the first and second floors of the theatre. The entrance on the side of
the stage on the first floor and the entrance on the side of the bar are crucial for evacuation.
Therefore, fire sources are placed near the seats closest to Exits 1 and 3 in two scenarios.
Considering that the exits near the seating area on the second floor are equally significant
for evacuation, fire sources are positioned near the seats closest to Exits 5 and 7 in Scenarios
3 and 4, respectively. Furthermore, cruise ship theatres contain many flammable materials
and complex electrical systems, making them highly susceptible to fires. Therefore, the
fifth scenario is set at the centre of the theatre stage. The specific locations for each scenario
are illustrated in Figure 3.
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The fire source power was established based on the heat release rate data published by
the National Institute of Standards and Technology (NIST) [59], where the peak heat release
rate at the seat fire source was set at 1.96 MW, and the duration to attain the maximum
heat release capacity was set at 140 s. The generation rate of CO was set at 0.0375, and the
generation rate of soot was set at 0.0587 [60]. In fire simulations, using a fixed fire source
size is a common approach. This approach simplifies the model and controls variables,
aiding in the analysis of fundamental phenomena, the control of experimental conditions,
the assurance of safety, the convenience of data comparison, and the simulation of practical
applications. These advantages contribute to the widespread adoption of fixed fire source
sizes in fire simulation research [61–63]. Therefore, considering the characteristics of seats
in the cruise ship theatre, the fire source area is the surface area of the seat cushion, which
was set at 0.50 m × 0.50 m. Referring to previous research cases and considering that the
stage was a wooden frame structure [64], the fire source at the centre of the stage using the
t2 model adopted a fire growth coefficient α of 0.04689, with a peak heat release power of
10 MW, and the time to reach the maximum heat release power was 150 s. The generation
rate of CO was set at 0.0179, and the generation rate of soot was set at 0.00271 [65]. The fire
source area was set at 0.50 m × 0.50 m. To obtain a more comprehensive simulation result,
the fire simulation time was set at 600 s. All the scenario parameters are shown in Table 5.

Table 5. Power and location of fire source in all scenarios.

Scenario Power of Fire (MW) Fire Source Location

Scenario 1 1.96 The rightmost seat in the 1st row of the left passenger area on the 1st floor

Scenario 2 1.96 The leftmost seat in the 1st row of the left passenger area on the 1st floor

Scenario 3 1.96 The rightmost seat in the 1st row of the left passenger area on the 2nd floor

Scenario 4 1.96 The leftmost seat in the 1st row of the left passenger area on the 2nd floor

Scenario 5 10 Central area of the stage

2.3. Grid Division

In PyroSim, the coarse division of model grids reduces the computational accuracy
but accelerates the calculation time, whereas the finer division of model grids enhances the
accuracy but prolongs the computation duration. Moreover, when the grid size is reduced to
a certain extent, the improvement in accuracy becomes negligible, while the computational
time increases significantly. Thus, rational grid division is essential. Referring to the
analysis of grid sensitivity by McGrattan et al. [66] the grid size should be chosen between
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D∗/16 and D∗/4. Here, D∗ refers to the characteristic diameter of the fire, the calculation
of which is shown in Equation (5).

D∗ =

(
Q

ρ∞CPT∞
√

g

) 2
5

(5)

where Q is the heat release rate of the fire source (kW), ρ∞ is the air density, taken as
1.2 kg/m³; Cp is the specific heat capacity of air, taken as 1 kJ/(kg·K); T∞ is the ambient air
temperature, taken as 293 K; and g is the acceleration due to gravity, taken as 9.18 m/s².

When the ignition point was a seat, the fire source power was 1.96 MW, and D∗ was
1.28 m, and the grid size should be between 0.08 m and 0.32 m. When the ignition point
was at the centre of the stage, the fire source power was 10 MW, D∗ is 2.4 m, and the grid
size should be between 0.15 m and 0.6 m. In summary, for all the scenarios presented in
this paper, the grid size was uniformly set to 0.25 m × 0.25 m × 0.25 m. The total number
of grids was 822,528.

2.4. Arrangement of the Detectors

The “quasisafe area” refers to a zone that meets certain performance criteria to ensure
personnel safety. In the case of a fire, passengers respond by evacuating from their current
area through evacuation routes to the “quasisafe area”, temporarily escaping the danger of
the fire, and then either directly evacuating or being evacuated a second time out of the
fire-affected area through the “quasisafe area”. The safety threshold of the “quasisafe area”
must simultaneously satisfy the following conditions: the temperature (T) at a height of
2.0 m is no more than 60 ◦C; the visibility (LV) exceeds 10 m; and the CO concentration
(φCO) is no more than 500 ppm [67]. To determine the location of the “quasisafe area”,
temperature detectors, visibility detectors, and carbon dioxide concentration detectors are
selected to analyse the fire risk [68].

As shown in Figure 4, to detect the temperature, CO concentration, and visibility at
various key positions of the aisles within the theatre, 12 measurement points were set up at
a height of 2 m from the ground on both the first and second floors of the theatre, including
the corners and exits. Each measurement point is equipped with three types of detectors to
monitor the temperature, CO concentration, and visibility at each critical location.
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3. Analysis of the Fire Simulation Results
3.1. Analysis of the Smoke Diffusion Results

This paper simulates fire smoke under different fire location scenarios, obtaining
fire simulation results for five distinct scenarios. Taking Scenario 1 as an example, the
simulation results for smoke diffusion are shown in Figure 5. Figure 5a shows that when
the fire occurs for 15 s, there is relatively little smoke in the theatre, which has only spread
near the fire source. Figure 5b illustrates that at 30 s into the fire, a significant amount of
smoke has spread from the area near the first floor exit to the ceiling. Figure 5c indicates
that at 90 s after the fire, a large amount of smoke has spread to the passenger area on the
second floor. After 180 s of the fire occurrence, the second floor of the theatre is filled with
black smoke, and the smoke near the fire source continues to spread, as shown in Figure 5d.

Fire 2024, 7, x FOR PEER REVIEW 10 of 35 
 

 

3. Analysis of the Fire Simulation Results 
3.1. Analysis of the Smoke Diffusion Results 

This paper simulates fire smoke under different fire location scenarios, obtaining fire 
simulation results for five distinct scenarios. Taking Scenario 1 as an example, the simula-
tion results for smoke diffusion are shown in Figure 5. Figure 5a shows that when the fire 
occurs for 15 s, there is relatively little smoke in the theatre, which has only spread near 
the fire source. Figure 5b illustrates that at 30 s into the fire, a significant amount of smoke 
has spread from the area near the first floor exit to the ceiling. Figure 5c indicates that at 
90 s after the fire, a large amount of smoke has spread to the passenger area on the second 
floor. After 180 s of the fire occurrence, the second floor of the theatre is filled with black 
smoke, and the smoke near the fire source continues to spread, as shown in Figure 5d. 

  
(a) t = 15 s (b) t = 30 s 

  
(c) t = 90 s (d) t = 180 s 

Figure 5. Smoke spread process in Scenario 1. 

Table 6 shows the smoke spread times for the five scenarios, revealing that the smoke 
spread time for Scenario 2 is approximately similar to that for Scenario 1. The smoke dif-
fusion time for Scenario 3 differs from that for both Scenario 1 and Scenario 2. At 10 s after 
the fire starts, smoke near the fire source has already begun to spread. After 25 s, the smoke 
has started to rise and spread to the theatre ceiling. At 75 s into the fire, a significant 
amount of smoke has spread to the passenger area on second floor. After 165 s, the 2nd 
floor area of the theatre is filled with dense black smoke. The smoke spread process for 
Scenario 4 is similar to that of Scenario 3. The smoke spread process of Scenario 5 is dif-
ferent from that of the other four scenarios. At 10 s after the fire starts, smoke near the fire 
source has begun to spread. However, it is not until 35 s into the fire that the smoke has 
just started to spread to the theatre ceiling. At 95 s into the fire, a large amount of smoke 
has started to spread to the passenger area on second floor. After 190 s of the fire, the 
second floor area of the theatre is completely filled with dense black smoke. 

Due to the fire sources in Scenarios 1 and 2 being located on the first floor of the 
theatre, the spread of fire smoke to the second floor is relatively slow. Scenarios 3 and 4 
are situated on the second floor of the theatre; thus, the generated smoke can rapidly 

Figure 5. Smoke spread process in Scenario 1.

Table 6 shows the smoke spread times for the five scenarios, revealing that the smoke
spread time for Scenario 2 is approximately similar to that for Scenario 1. The smoke
diffusion time for Scenario 3 differs from that for both Scenario 1 and Scenario 2. At 10 s
after the fire starts, smoke near the fire source has already begun to spread. After 25 s, the
smoke has started to rise and spread to the theatre ceiling. At 75 s into the fire, a significant
amount of smoke has spread to the passenger area on second floor. After 165 s, the 2nd floor
area of the theatre is filled with dense black smoke. The smoke spread process for Scenario
4 is similar to that of Scenario 3. The smoke spread process of Scenario 5 is different from
that of the other four scenarios. At 10 s after the fire starts, smoke near the fire source has
begun to spread. However, it is not until 35 s into the fire that the smoke has just started to
spread to the theatre ceiling. At 95 s into the fire, a large amount of smoke has started to
spread to the passenger area on second floor. After 190 s of the fire, the second floor area of
the theatre is completely filled with dense black smoke.
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Table 6. Smoke spread time.

Scenarios Begin to Spread Spread to Ceiling Spread to Passenger
Area on the 2nd Floor Fill the 2nd Floor

Scenario 1 15 s 30 s 90 s 180 s

Scenario 2 15 s 30 s 90 s 180 s

Scenario 3 10 s 25 s 75 s 165 s

Scenario 4 10 s 25 s 75 s 165 s

Scenario 5 10 s 35 s 95 s 190 s

Due to the fire sources in Scenarios 1 and 2 being located on the first floor of the theatre,
the spread of fire smoke to the second floor is relatively slow. Scenarios 3 and 4 are situated
on the second floor of the theatre; thus, the generated smoke can rapidly spread to the
theatre ceiling and fill the second floor. This indicates that the position of the fire source
significantly affects the speed of smoke propagation. Generally, smoke from a fire on a
lower level will spread upwards first, whereas an upper-level fire may quickly fill the entire
floor [69]. The fire source in Scenario 5 is a wooden frame, which is a flammable material.
Therefore, it produces smoke at a faster rate, but as the fire continues to progress, the
diffusion speed of the fire smoke is relatively slower. This result confirms that flammable
materials accelerate the initial development of a fire, leading to a faster smoke diffusion
rate during the early stages of fire development [70].

3.2. Analysis of the Temperature Results

During the simulation process, the high temperatures generated by the fire spread
within the theatre, causing the temperature in all exit and passage areas of the theatre to
gradually increase. The results of the temperature changes are shown in Figure 6.

Figures 6a and 6d show the temperature measurement results for Scenarios 1 and
4, respectively, indicating that the temperatures near the fire source are relatively high
and that the rate of temperature increase is rapid. At 120 s after the fire in Scenario 1, the
temperature of Detector 1 soared above 60 ◦C, reaching a peak of 220 ◦C. For Scenario
4, 204 s after the fire started, the temperature of Detector 9 gradually rose above 60 ◦C,
with a maximum of 90 ◦C. In Figure 6b,c,e, although the temperature of the detector also
increased, it did not approach the hazardous 60 ◦C threshold for passenger safety, and
its impact on evacuation can be considered negligible. For instance, at 160 s after the fire
started in Scenario 3, the temperature of Detector 7 only gradually increased to a maximum
of 48 ◦C. In Scenario 5, after 600 s of fire, the temperature of Detector 10 was only 32 ◦C.

Due to the presence of walls around the fire sources in Scenarios 1 and 4, the heat
generated by the fires tends to accumulate and is difficult to disperse. This leads to a rapid
increase in temperature at Detector 1 near the fire source in Scenario 1 and at Detector 9
near the fire source in Scenario 4, quickly reaching the safety threshold. The surroundings
of the fire sources in Scenarios 2 and 3 are relatively open, so the heat generated by the
fires easily disperses. Consequently, the temperature of Detector 3 near the fire source
in Scenario 2 and Detector 9 near the fire source in Scenario 3 increase slowly, gradually
reaching the safety threshold. In Scenario 5, the fire source is located farther away from all
the detectors, so the temperature of all the detectors has never exceeds the safety threshold
and the rate of temperature increase is slow. Therefore, walls can significantly influence
the accumulation and spread of fire heat, which is consistent with results presented by Yan
et al. [71].
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3.3. Analysis of the Visibility Results

When a fire occurs, smoke spreads rapidly, and visibility decreases swiftly. The
analysis results for visibility for various fire location scenarios are shown in Figure 7.
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When a fire occurs, the visibility of the detector near the fire source decreases rapidly.
As shown in Figure 7a, 66 s after the fire started in Scenario 1, the visibility of Detector
1 plummets from 30 m to below 10 m. For Detectors 3, 7, 8, 9, and 10, the visibility
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gradually decreases to below 10 m at 220 s, 170 s, 115 s, 186 s, and 152 s after the fire
started, respectively. Figure 7b indicates that when the fire occurs for 110 s, the visibility of
Detectors 7 and 8 in Scenario 2 gradually decrease to 10 m and eventually to 3 m. However,
when the fire occurs for 150 s, the visibility of Detector 3 in Scenario 2 sharply decreases to
below 10 m. As shown in Figure 7c, when the fire occurs for 41 s, the visibility of Detector 7
in Scenario 3 sharply decreases to 4.5 m, eventually reaching 2 m. In addition, when the
fire occurs for 169 s, the visibility of Detector 10 in Scenario 3 suddenly decreases to 5 m.

As shown in Figure 7d, when the fire occurs for 61 s, the visibility of Detector 9 in
Scenario 4 sharply decreases to below 5 m. At 157 s, the visibility of Detector 8 in Scenario
4 suddenly decreases to below 10 m. Additionally, if a detector is located farther from the
fire source, the decrease in visibility of the detector is relatively minor, and throughout the
entire fire event, the visibility of the detector remains above 10 m, which can be considered
negligible for the safe evacuation of personnel. For instance, Figure 7e shows that when the
fire occurs for 180 s, the visibility of Detector 10 in Scenario 5 decreases to approximately
18 m. At 210 s after the fire occurs, the visibility of Detector 9 in Scenario 5 decreases to its
lowest value at 22 m. In addition, the visibility of Detectors 9 and 10 in Scenario remains
above 10 m during the fire process.

Due to the wall boundary conditions near the fire source in Scenario 1, smoke tends
to concentrate, causing the visibility of Detector 1 near the fire source to quickly reach the
safety threshold. Compared to that in Scenario 1, the area around the fire source in Scenario
2 is more open, allowing smoke to easily disperse in all directions and accumulate on the
second floor of the theatre. This is similar to the results of Qin et al. [72], which indicate
that in open spaces, smoke tends to diffuse more evenly. However, due to the absence of
barriers, smoke can accumulate in the upper areas, leading to a rapid decrease in visibility.
This leads to the visibility of Detectors 7 and 8 on the second floor reaching the safety
threshold at 117 s and 116 s after the fire occurs, respectively. As the fire evolves, visibility
of Detector 3 near the fire source also reaches the safety threshold at 150 s after the fire
occurs. In Scenarios 3 and 4, where the fire sources are both located on the second floor
of the theatre, the smoke generated by the fire rapidly spreads to the theatre ceiling and
accumulates near the fire source. This results in the visibility of Detector 7 near the fire
source in Scenario 3 and of Detector 9 near the fire source in Scenario 4 quickly reaching
the safety threshold at 41 s and 61 s after the fire occurs, respectively. In Scenario 5, the
fire source is farther from all the detectors; thus, the visibility of all the detectors remains
within the safety threshold and decreases at a slower rate.

3.4. Analysis of the CO Concentration

During the whole simulation process, the CO concentration in the cruise ship theatre
increases, and the results of each scenario are shown in Figure 8.

Figure 8a shows the CO concentration change results for Scenario 1. As shown in
Figure 8a, when a fire occurs for 125 s, the CO concentration of Detector 1 exceeds 500 ppm
and continues to rise, reaching a peak of 800 ppm, posing a severe health hazard. Figure 8c,e
indicate that the CO concentrations of detectors located a certain distance from the fire
source also increase sharply but do not exceed 500 ppm, having a relatively minor impact
on human health.

When the fire occurs for 80 s, the CO concentration of Detector 10 in Scenario 4 reaches
a maximum of 200 ppm and reaches a peak of 450 ppm at 280 s after the fire occurs. The rate
of CO concentration increase of Detector 7 in Scenario 3 is second only to that of Detector 10
in Scenario 4, with the CO concentration in the vicinity of the detector reaching a maximum
of 200 ppm at 150 s after the fire occurs.

As shown in Figure 8b, the location of Detector 8 in Scenario 2 is relatively open and
farther from the fire source, thus the increase in CO concentration near this position is small
in magnitude and slow in speed, reaching a maximum of 22 ppm at 200 s after the fire
occurs. As shown in Figure 8e, the detectors in Scenario 5 are positioned farther from the
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fire source. As a result, the CO concentrations of all the detectors are very low, and the
harm to passengers is negligible.
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Due to the presence of walls as boundary conditions near the fire source in Scenario 1,
the CO produced by the fire is not easily dispersed and tends to accumulate near the
fire source, causing the CO concentration of Detector 1 near the fire source to quickly
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reach the safety threshold. In Scenarios 2 and 3, the fire sources are located in more open
spaces, causing the CO concentration of Detector 3 near the fire source in Scenario 2 and
that of Detector 7 near the fire source in Scenario 3 to increase sharply. However, these
concentrations are still below the safety threshold. The fire source is located on the second
floor of the theatre in Scenario 4, and there are surrounding walls as boundary conditions,
leading to the CO from the fire spreading rapidly to the theatre ceiling and diffusing,
eventually accumulating in areas near other walls. This phenomenon is similar to the
results of Safarzadeh et al. [73], which indicate that boundary conditions such as walls can
lead to the vertical spread and local accumulation of CO. Although the CO concentrations
of Detector 9 and Detector 10 increase, they are still below the safety threshold. In Scenario
5, the fire source is farther from all the detectors, so although there is an increase in the CO
concentration of all the detectors, it is significantly lower than the safety threshold.

3.5. Evacuation Safety Time

As shown in Figure 9, the available safety egress time (ASET) is defined as the duration
from the moment of ignition to the point at which the fire reaches a critical state that
endangers human safety. The required safety egress time (RSET) refers to the duration
required for individuals to evacuate to a safe area before the fire becomes a threat. To
ensure that all passengers within the cruise ship theatre can be safely evacuated to a secure
location, the RSET must be less than the ASET, which can be expressed as ASET > RSET.

By analysing the simulation results of the five scenarios, the ASET of each detector for
every scenario was determined, as shown in Table 7. In addition, the results of the ASET of
the detectors beyond 600 s are not listed in the table. Finally, since all evacuation routes
within the theatre are passable and no dangerous locations exist in Scenario 5, the results
for Scenario 5 are not presented in the table.

Table 7. Summary of ASET for hazardous locations.

Scenarios Detectors
Time to Reach Safety Threshold/s

ASET of Detectors/s
Temperature Visibility CO Concentration

Scenario 1

Detector 1 114 66 125 66

Detector 3 600+ 220 600+ 220

Detector 7 600+ 170 600+ 170

Detector 8 600+ 115 600+ 115

Detector 9 600+ 186 600+ 186

Detector 10 600+ 152 600+ 152

Scenario 2

Detector 3 600+ 150 600+ 150

Detector 7 600+ 117 600+ 117

Detector 8 600+ 116 600+ 116

Detector 9 600+ 294 600+ 294

Detector 10 600+ 138 600+ 138

Scenario 3
Detector 7 600+ 41 600+ 41

Detector 10 600+ 169 600+ 169

Scenario 4
Detector 8 600+ 157 600+ 157

Detector 9 204 61 600+ 61
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4. Evacuation Simulation Results

PathFinder 2022 software, developed by Thunder Engineering, is a tool used for
building evacuation simulations. Its primary functions include evacuation simulation
based on crowd behaviour, path optimisation, and time prediction, and it is widely used in
pedestrian evacuation modelling [74]. The core algorithm of PathFinder is based on Agent-
Based Modelling (ABM), which predicts overall evacuation by simulating the behaviour
of each individual. This approach can accurately model the dynamic changes in crowd
movement during the evacuation [75]. Comparing the simulation results of PathFinder
with actual evacuation drill data, it was found that the predictions of PathFinder are close
to real situations, with acceptable error margins [76,77]. Moreover, PathFinder has been
successfully applied to several large-scale projects, such as high-rise buildings, stadiums,
and airports, further validating its reliability [78].

In this paper, an advanced evacuation analysis calculation specified by the Internation
Maritime Organization (IMO) is used for evacuation simulation calculation [79]. This
method assumes passengers are unique individuals with specific personal abilities and
response time. As shown in Figure 10, PathFinder is used to simulate and analyse the
evacuation process in five scenarios based on the fire simulation results of cruise ship
theatre from PyroSim. The main steps are as follows:

Step 1: Pathfinder is used to construct the geometric model of the theatre, and the pedestrian
parameters are set according to the passenger ratio and walking speed.
Step 2: Based on the fire simulation results of the five fire scenarios, the ASET at key
detection points is obtained in the five scenarios, and the failure time of the exits near these
detection points is determined.
Step 3: The data of the Fire Dynamics Simulator (FDS) is imported from the five scenarios
into the evacuation geometric model, and the exit closure times in the evacuation model
is set according to the exit failure times in the respective scenarios. Then the evacuation
models in the five scenarios could be constructed.
Step 4: The passenger evacuation simulations are conducted in the five scenarios based on
the exit closure times near the detectors.
Step 5: Based on the analysis of the simulation results, the reasons for the unsuccessful
evacuation are studied.
Step 6: The positions of blocked pedestrians are analysed and the optimized evacuation
schemes for the unsuccessful evacuation scenarios are developed.
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Figure 10. Evacuation simulation flowchart.

As shown in Table 8, the IMO has defined the age and sex ratios of passengers in
evacuation calculations and the speed ranges for each population category during the
evacuation calculation process [79]. When simulating passenger evacuation within the
cruise ship theatre, it is essential to emphasize passenger attributes to ensure that the
simulation results closely reflect reality. Therefore, the passenger attributes in PathFinder
were set according to the parameters outlined in Table 7.

As shown in Figure 1, the left and right passenger areas on the first floor of the theatre
can accommodate 136 passengers, while the central passenger area can accommodate
170 passengers. On the second floor of the theatre, the left and right passenger areas
can each accommodate 169 passengers, and the central passenger area can accommodate
six passengers. The evacuation model in this paper considers the most unfavourable
conditions, with the seating occupancy rate of the cruise ship theatre set at 100%, meaning
that the theatre can accommodate a total of 786 passengers. Since the theatre is a single
enclosed space, the evacuation response time for all passengers is set to an instantaneous
response. The walls behind the Exits 1, 2, 5, and 6 on both sides of the theatre are firewalls,
while the areas outside of the Exits 3 and 4 are outdoor spaces for the cruise ship. Therefore,
when conducting evacuation simulations, once passengers leave the theatre through those
exits, they are set to have reached safe areas and completed evacuation.
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Table 8. Passenger types and traveling speeds.

Passenger Types Proportion (%)
Traveling Speed (m/s)

Minimum Maximum

Female under 30 7 0.93 1.55

Female between 30 and 50 7 0.71 1.19

Female over 50 16 0.56 0.94

Female over 50—Mobility-impaired (1) 10 0.43 0.71

Female over 50—Mobility-impaired (2) 10 0.37 0.61

Male under 30 7 1.11 1.85

Male between 30 and 50 7 0.97 1.62

Male over 50 16 0.84 1.4

Male over 50—Mobility-impaired (1) 10 0.64 1.06

Male over 50—Mobility-impaired (2) 10 0.55 0.91

4.1. Analysis of the Evacuation Process

During the evacuation simulation, passengers from the six passenger areas across
the two floors of the theatre begin to evacuate from their initial seated positions. The
evacuation speed of the passengers in each area under the different scenarios is shown in
Figure 11, while the evacuation time and average congestion time per person are depicted
in Figure 12.

As shown in Figure 11, the evacuation speed of the passengers in the central passenger
area on the first floor is the fastest in all scenarios. In Figure 11a,b, it is observed that the
slope of the red curve significantly decreases at 80 s, indicating that fewer people completed
evacuation per unit time in the central passenger area on the first floor for Scenarios 1 and
2, and the evacuation efficiency decreased. The evacuation speeds of the passengers in
the right and left passenger areas on the first floor is similar, with the slope of the grey
curve noticeably decreasing at 120 s. This suggests that in Scenarios 1 and 2, the number
of passengers evacuating per unit time from the right passenger area on the first floor
decreases at 120 s, reducing evacuation efficiency, while more passengers evacuate from the
left passenger area on the first floor per unit time, resulting in higher evacuation efficiency
than the right passenger area. There are only six passengers in the central passenger area
on the second floor, leading to a rapid evacuation and higher efficiency in this area. In
Figure 11d, within the first 50 s of Scenario 4, the evacuation speeds of personnel in the
right and left passenger areas on the second floor are similar, after which the evacuation
speed in the left passenger area gradually decreases compared to that in the right passenger
area on the second floor. In the other scenarios, the evacuation speeds of the passengers in
the right and left passenger areas on the second floor are similar, with a noticeable decrease
in the number of passengers evacuating per unit time from both sides starting from 140 s,
indicating reduced evacuation efficiency.

Figure 12a,b illustrate that Scenarios 1 and 2 are similar, with the evacuation time
and average congestion time for personnel in the right passenger area on the first floor
being the longest, significantly greater than those in the other passenger areas. In Scenario
1, the evacuation time for personnel in the right passenger area on the first floor reaches
321.9 s, with an average congestion time of 90.6 s. In Scenario 2, the evacuation time reaches
363.2 s, with an average congestion time of 82.9 s. Figure 12c,e indicate that although the
evacuation time and average congestion time for personnel in the right passenger area
on the second floor are the longest in Scenarios 3 and 5, the evacuation time and average
congestion time for the left and right passenger areas on the second floor are very close. The
evacuation time for personnel in the right passenger area on the second floor in Scenario 3 is
252.8 s, with an average congestion time of 77.1 s. Furthermore, as shown in Figure 12d, in
Scenario 4, the evacuation time in the left passenger area on the second floor is the longest,
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reaching 368.5 s, and the average congestion time is also the longest, approximately 120.1 s.
In addition, the evacuation time and average congestion time for personnel in the central
passenger area on the second floor are the shortest across all scenarios, with little variation.
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Due to the spaciousness of the central passenger area on the first floor and its equidis-
tant proximity to the four exits of the first floor in the theatre, the passengers in the central
passenger area can evacuate through Exits 1, 2, 3, and 4. This results in the fastest evacua-
tion speed for the passengers in the central passenger area during the initial phase of the
evacuation. However, in Scenarios 1 and 2, the fire source is located in the left passenger
area on the first floor, forcing most of the passengers from the central area to evacuate
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through Exits 2 and 4 on the right side of the first floor of the theatre. This not only leads
to congestion of some passengers near Exits 2 and 4 in the later stages of the evacuation,
causing a sudden drop in the evacuation speed, but also results in a significantly greater
evacuation time and average congestion time for the passengers in the right passenger
area compared to the other areas. Due to the high number of passengers on the first floor,
congestion occurs among the passengers in both the left and right passenger areas during
the later stages of the evacuation.

The central passenger area on the second floor accommodates only six passengers,
hence congestion does not occur during the evacuation process, and the evacuation speed is
very fast. Due to the fire source in Scenario 3 being close to Exit 7, most of the passengers in
the left passenger area on the second floor of Scenario 3 would choose to evacuate through
Exit 5. The exit width of Exit 5 is relatively large, so the evacuation speed of the passengers
in the left passenger area on the second floor in Scenario 3 is minimally affected by the
fire. The evacuation speed in this area is similar to that of the right passenger area on the
second floor, and the evacuation time and average congestion time for both the left and
right passenger areas are also comparable. Conversely, in Scenario 4, the fire source is close
to Exit 5, coupled with the fact that Exit 7 is very narrow. As a result, the passengers in the
left passenger area on the second floor are prone to congestion in the corridor leading to
Exit 7, leading to a slower evacuation speed, which is significantly lower than that of the
right passenger area on the second floor. Additionally, the evacuation time and average
congestion time for the left passenger area on the second floor are also greater than those
for the right passenger area. In Scenario 5, because the fire source is far from various
critical nodes in the passageways, the impact of the fire on the evacuation of all passengers
in Scenario 5 is minimal. There is no congestion during the evacuation process, and the
evacuation speed is very fast.

From the analysis above, it is evident that the propagation speed of fire smoke and the
concentration of fire products significantly influence the evacuation time [80]. Furthermore,
the selection of evacuation routes and the adherence behaviours of passengers can lead to
congestion within evacuation pathways, resulting in a decrease in evacuation efficiency [81].
The results of this study further corroborate these perspectives, indicating that within
a cruise ship theatre, the smoke propagation under varying fire scenarios and human
behavioural patterns play a crucial role in evacuation efficiency.

4.2. Unevacuated Passengers

Figure 13 shows snapshots of the passenger evacuation simulation results for Scenarios
1 and 2. As shown in Figure 13a,c, due to the influence of fire smoke and other fire
byproducts, passengers are prone to panic, leading them to prioritize the nearest evacuation
route and resulting in widespread herd behaviour. This causes the right passenger area on
the 2nd floor to have a low utilization rate of the green zone, with most people congested
in the aisles between the seats, as shown in the red areas of Figure 13a,c. Consequently, the
evacuation time and average evacuation time for the passengers in Scenarios 1 and 2 are
significantly higher than those in the other scenarios. In the late stages of the evacuation,
the combustion products in some areas exceed the safety threshold, making the use of
that passage for evacuation impossible, as shown in the red areas of Figure 13b,d, where
some passengers are still trapped in the theatre and are unable to escape. The evacuation
results show that in Scenarios 1 and 2, 12 and 19 passengers, respectively, fail to evacuate
successfully and remain trapped.



Fire 2024, 7, 297 23 of 33

Fire 2024, 7, x FOR PEER REVIEW 23 of 33 
 

 

4.2. Unevacuated Passengers 
Figure 13 shows snapshots of the passenger evacuation simulation results for Scenar-

ios 1 and 2. As shown in Figure 13a,c, due to the influence of fire smoke and other fire 
byproducts, passengers are prone to panic, leading them to prioritize the nearest evacua-
tion route and resulting in widespread herd behaviour. This causes the right passenger 
area on the 2nd floor to have a low utilization rate of the green zone, with most people 
congested in the aisles between the seats, as shown in the red areas of Figure 13a,c. Con-
sequently, the evacuation time and average evacuation time for the passengers in Scenar-
ios 1 and 2 are significantly higher than those in the other scenarios. In the late stages of 
the evacuation, the combustion products in some areas exceed the safety threshold, mak-
ing the use of that passage for evacuation impossible, as shown in the red areas of Figure 
13b,d, where some passengers are still trapped in the theatre and are unable to escape. 
The evacuation results show that in Scenarios 1 and 2, 12 and 19 passengers, respectively, 
fail to evacuate successfully and remain trapped. 

  
(a) Mid-stage of evacuation process in Scenario 1 (b) End-stage of evacuation process in Scenario 1 

  
(c) Mid-stage of evacuation process in Scenario 2 (d) End-stage of evacuation process in Scenario 2 

Figure 13. Snapshots of passenger evacuation in Scenarios 1 and 2. 

4.3. Optimisation of Passenger Evacuation 
Taking Scenario 1 as an example, retrospective simulation analysis revealed that pas-

sengers who failed to evacuate successfully were initially located in the middle seating 
area, as shown by the shaded passengers in Figure 14a. As all passengers surged towards 
the central aisle between the seats, a significant crowd accumulated in the aisle. This be-
haviour resulted in passengers in the middle area being trapped within the seating area, 
as depicted in Figure 14b, preventing them from reaching the aisle promptly. Further-
more, as analysed in Section 4.2, most passengers eventually crowded towards the front 
passage of the seats, while the side passages were underutilised, thereby prolonging the 
evacuation time. 

Figure 13. Snapshots of passenger evacuation in Scenarios 1 and 2.

4.3. Optimisation of Passenger Evacuation

Taking Scenario 1 as an example, retrospective simulation analysis revealed that pas-
sengers who failed to evacuate successfully were initially located in the middle seating area,
as shown by the shaded passengers in Figure 14a. As all passengers surged towards the
central aisle between the seats, a significant crowd accumulated in the aisle. This behaviour
resulted in passengers in the middle area being trapped within the seating area, as depicted
in Figure 14b, preventing them from reaching the aisle promptly. Furthermore, as analysed
in Section 4.2, most passengers eventually crowded towards the front passage of the seats,
while the side passages were underutilised, thereby prolonging the evacuation time.
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To ensure the successful evacuation of all passengers in Scenarios 1 and 2 to a safe
area, this paper proposes the rational dispersion of passengers. By guiding passengers
appropriately, panic-induced random escapes can be avoided, preventing severe congestion
in a single passage while ensuring that other evacuation routes are effectively utilised. This
approach mitigates the impact on evacuation speed and time.
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In practical applications, evacuation guidance strategies primarily encompass fixed
evacuation route schemes, dynamic evacuation signalling schemes, partitioned evacuation
schemes. Among these, the fixed evacuation route scheme entails predetermined evacu-
ation paths marked with signs and labels to direct individuals during emergencies. The
dynamic evacuation signalling scheme adjusts evacuation guidance in real-time based
on ongoing fire incidents or emergencies. The partitioned evacuation scheme divides
the building into distinct evacuation zones, each with designated evacuation routes for
phased evacuations.

In the context of this research scenario, employing the dynamic evacuation signalling
scheme proves to be an effective strategy for optimizing emergency evacuation efficiency in
the theatre. Specifically, this involves promptly adjusting passenger evacuation routes based
on fire spread dynamics, the internal layout of the theatre, and the dynamic distribution of
passengers. This ensures that passengers can avoid congestion and improve evacuation
efficiency during evacuation.

As illustrated in Figure 14, the seats of the unevacuated passengers are located in the
middle area, and they had to wait for those near the aisles to move into the aisles before
they could commence their own movement. Meanwhile, passengers near the aisles all rush
towards the passage in front, causing congestion along the evacuation route and trapping
passengers in the middle area near their seats, unable to access the aisles during the initial
stages of evacuation. To address this congestion, the evacuation routes for passengers from
the rear areas are dynamically adjusted, as depicted in Figure 15, guiding them through
passages behind the seats into the side passage.
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Figure 15. Evacuation guidance optimization area.

According to Figure 15, the seats on the left area are short, and all the passengers are
guided to the rear passage for evacuation. Passengers from the two rows of seats near
the rear on the right side are also guided. Since these two rows of seats are longer, the
passengers near the outside seats are selected to be guided. To compare the differences
between multiple guidance schemes, passengers from the last three rows in the left side and
five columns on each side near the aisle in the right side are selected for guidance. As shown
in Table 9, each scenario comprises 15 schemes, totalling 30 schemes for both scenarios.

The evacuation simulation results of all guidance schemes for Scenarios 1 and 2 are
presented in Table 10. The evacuation time difference is the difference between the time
when the last passenger in the right passenger area on the second floor leaves this area
(the time point when the passenger starts moving right after leaving the area) and the exit
failure time of this area, indicating the time by which all passengers can evacuate the area
in advance. When there are passengers who have not been evacuated, the time difference
will not be counted.
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Table 9. Optimization schemes for evacuation guidance.

Scenario 1 Scenario 2

Schemes Left Area Right Area Schemes Left Area Right Area

1

Last one row

One column on each side of
the aisle 1

Last one row

One column on each side of
the aisle

2 Two columns on each side of
the aisle 2 Two columns on each side of

the aisle

3 Three columns on each side of
the aisle 3 Three columns on each side of

the aisle

4 Four columns on each side of
the aisle 4 Four columns on each side of

the aisle

5 Five columns on each side of
the aisle 5 Five columns on each side of

the aisle

6

Last two rows

One column on each side of
the aisle 6

Last two rows

One column on each side of
the aisle

7 Two columns on each side of
the aisle 7 Two columns on each side of

the aisle

8 Three columns on each side of
the aisle 8 Three columns on each side of

the aisle

9 Four columns on each side of
the aisle 9 Four columns on each side of

the aisle

10 Five columns on each side of
the aisle 10 Five columns on each side of

the aisle

11

Last three rows

One column on each side of
the aisle 11

Last three rows

One column on each side of
the aisle

12 Two columns on each side of
the aisle 12 Two columns on each side of

the aisle

13 Three columns on each side of
the aisle 13 Three columns on each side of

the aisle

14 Four columns on each side of
the aisle 14 Four columns on each side of

the aisle

15 Five columns on each side of
the aisle 15 Five columns on each side of

the aisle

As shown in Table 10, it can be observed that Scheme 1 in Scenario 1 failed to suc-
cessfully evacuate all passengers from the right passenger area on the second floor. As
the number of guided passengers on the right area increased, the evacuation time initially
decreased gradually, followed by fluctuations. When the guided area on the right area
covered five columns of passengers on both sides of the aisle, the time difference was 13 s,
indicating that all passengers in that area could evacuate 13 s earlier. Scheme 6, Scheme
7, Scheme 8, Scheme 9, Scheme 10, Scheme 11, Scheme 12, Scheme 13, Scheme 14 and
Scheme 15 in Scenario 1 were able to successfully evacuate all passengers from the right
passenger area on the second floor. Additionally, regardless of whether the guided area on
the left area covered the last two rows or three rows, the trend of evacuation time change
with an increase in the number of guided passengers on the right side was similar to that
of the scheme covering the last row on the left side, showing an initial increase in time
difference followed by fluctuations. However, with an increase in the number of passengers
in the guided area on the left area, the overall trend of the time difference showed an
increasing pattern.
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Table 10. Evacuation simulation results of guided schemes for Scenarios 1 and 2.

Scenario 1 Scenario 2

Schemes Evacuation Time
Difference

Number of Unevacuated
Passengers Schemes Evacuation Time

Difference
Number of Unevacuated
Passengers

1 - 1 1 - 7

2 2 0 2 - 5

3 5 0 3 - 4

4 0 0 4 - 2

5 13 0 5 - 3

6 3 0 6 - 4

7 16 0 7 - 3

8 9 0 8 0 0

9 7 0 9 0 0

10 12 0 10 2 0

11 10 0 11 - 4

12 16 0 12 - 3

13 14 0 13 - 2

14 15 0 14 - 6

15 10 0 15 - 4

In Scenario 2, Schemes 1–5 all failed to evacuate all passengers from the right passen-
ger area on the second floor. Scheme 1 had the highest number of passengers who were
not successfully evacuated, reaching up to seven passengers. As the number of guided
passengers in the right area increased, the number of unevacuated passengers gradually
decreased. Only Schemes 8–10 in Scenario 2 were able to successfully evacuate all passen-
gers from that area. Additionally, when the guided area in the left area covered the last
two rows of passengers, the number of unevacuated passengers gradually decreased as
the number of guided passengers in the right area increased, and the time difference also
increased gradually, indicating an improvement in evacuation efficiency. When the guided
area in the left area covered the last three rows of passengers, the number of unevacuated
passengers showed a trend of initially decreasing and then increasing as the number of
guided passengers on the right area increased.

Figure 16 shows the curves of cumulative evacuees over time for guidance schemes
in Scenarios 1 and 2. From Figure 16a, it can be observed that during the initial phase of
evacuation, the trends of the five schemes are relatively similar. After 40 s, the slopes of the
evacuation curves for all five schemes begin to fluctuate. Starting from 70 s, the curve slope
of Scheme 5 starts to increase, significantly surpassing the slopes of the other four schemes.
At the end of the evacuation, Scheme 5 is the first to complete the evacuation, consistent
with Table 10. Figure 16b exhibits similar patterns to Figure 16a, with Schemes 6–10 having
similar slopes during the early stages of evacuation. From 100 s onwards, the curve slope
of Scheme 7 exceeds that of the other four schemes, resulting in the earliest completion of
evacuation. In Figure 16c, Scheme 12, which completes the evacuation earliest, gradually
surpasses the slopes of the other schemes starting from 90 s.
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The evacuation trends in Scenario 2 are similar to those in Scenario 1. In Figure 16e,
it can be observed that from around 90 s onwards, the curve slope of Scheme 7 gradually
surpasses that of the other schemes, resulting in the earliest completion of evacuation. It
is also consistent with Figure 16d,f, where Scheme 4 and Scheme 13 exhibit the highest
slopes at the middle to end of the curves. Therefore, it can be deduced that the impact of
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different schemes on evacuation efficiency is mainly evident at the middle to later stages
of evacuation.

From the above analysis, it can be inferred that evacuation efficiency does not increase
with the increase in the number of guided passengers. When the number of guided
passengers is kept within a certain range, evacuation efficiency can be improved. However,
when the number of guided passengers exceeds the appropriate range, more passengers
may enter the side passage in the middle of evacuation, thus forming a large converging
crowd with the passengers in the front passage at the exit, reducing the efficiency of the
exit. When employing Scheme 10 for guidance, passengers in the right passenger area on
the second floor in Scenarios 1 and 2 can all be successfully evacuated with high efficiency,
as illustrated in Figure 17.
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Figure 17. Evacuation optimization guide route.

From Figure 18, it is evident that after optimization of guidance, the slope of the evac-
uation curve significantly increases, indicating a greater number of passengers completing
evacuation within a unit of time and thus improving evacuation efficiency. Figure 19
demonstrates that after optimizing the guidance for the evacuation of passengers from the
right passenger area on the second floor in Scenario 1, the average congestion time per
person decreased from 82.9 s to 55.4 s. Similarly, with the optimization of guidance for
the right passenger area on the second floor in Scenario 2, the average congestion time per
person decreased from the previous 90.6 s to 53.7 s. It can be observed that implement-
ing evacuation optimization schemes can significantly reduce congestion time during the
evacuation process.
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5. Conclusions

This paper sets up a fire scene in a cruise ship theatre area and utilises PyroSim
software to conduct fire simulations for some of the more dangerous ignition points within
the cruise ship theatre. It examines the fire smoke and fire products spread results and
the fire temperature diffusion under different location conditions. Based on this, the fire
scene and escape scene of the cruise ship theatre are combined to analyse the impact of fire
products on passenger evacuation. According to the time when each observation point
reaches any safety assessment index critical value, the available evacuation time of different
fire conditions is calculated to obtain the distribution of the ASET for the entire cruise
ship theatre. Then, the evacuation process of passengers under different fire scenarios is
simulated using PathFinder software. The distribution of the residual evacuation time in
the cruise ship theatre under different fire scenarios is obtained, and the safety risks of
passengers in the cruise ship theatre under different fire scenarios are analysed. Finally, in
response to the congestion issues of passengers during the evacuation process, suggestions
for evacuation guidance optimization are proposed.

Based on the simulation results and analysis, it can be observed that when a fire occurs
in the stage area of the theatre, the impact of fire products on passenger evacuation is
relatively minor. However, when a fire occurs in the passenger area of the theatre, such as at
the ignition points located in Scenarios 1 and 2, the smoke and other fire products generated
by the fire tend to accumulate in the right passenger area on the second floor, leading to a
shorter ASET for that area. Furthermore, after a fire breaks out, passengers not only select
the evacuation routes with the shortest paths for evacuation but also exhibit certain herd
behaviour, resulting in a large number of passengers congesting in the corridors, slowing
the evacuation speed, and causing excessive RSET for passengers.

The research results indicate that during the fire evacuation processes of Scenarios 1
and 2, when some passengers fail to evacuate successfully due to congestion, reasonable
optimization of passenger evacuation guidance can not only ensure the safe evacuation of
all passengers to a secure area but also significantly reduce the average congestion time
per passenger. Specifically, in Scenario 1, the average congestion time decreases by 33.17%.
In Scenario 2, the average congestion time decreases by 40.73%. Furthermore, different
guidance schemes exhibit consistent evacuation trends in the early stages of evacuation.
However, as the evacuation progresses to the later stages, variations in efficiency among
the schemes become apparent. Evacuation efficiency will not increase with the increase of
the number of guided passengers. When the number of guided passengers is controlled
within a reasonable range, the evacuation efficiency will be significantly improved.
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This research is mainly conducted through simulation methods. Although PyroSim
and PathFinder can provide relatively accurate simulation results, there is a certain gap
between simulation and the actual situation. For instance, the behaviour of people in actual
fire may be more complex and variable, and the diffusion path of fire products may also be
affected by more factors. In addition, the simulation is limited to the cruise theatre area,
without considering the impact of stairs on passenger evacuation. However, through the
simulation research on the fire and evacuation of the cruise theatre, this paper deepens the
understanding of the fire smoke spread and evacuation behaviour and provides a useful
reference for the future fire emergency scheme and evacuation strategy optimization.

Future research can be extended to study the characteristics of fire evacuation in other
spaces of cruise ships and explore the effects of different evacuation strategies to improve
the efficiency and safety of evacuation in the case of fire.
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