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Abstract: The use of Virtual Reality (VR) in maritime safety training is 
increasing, enabling immersive emergency-response scenarios without 
exposing trainees to real hazards. However, many existing VR firefighting 
applications rely on simplified smoke effects generated directly within game 
engines, which may not adequately represent smoke propagation in confined 
shipboard environments. This study presents a workflow for integrating 
Computational Fluid Dynamics (CFD) simulation outputs into a VR engine-
room firefighting training environment. A representative Ro-Ro ship engine 
room was modelled in SmartFire, where transient smoke and temperature 
fields were generated for a fuel-line fire scenario. The resulting volumetric 
smoke data were converted into OpenVDB format and imported into Unreal 
Engine 5 for visualization in an immersive VR environment. A benchmark 
comparison against the compartment-fire experiments of Steckler et al. [23] 
showed good agreement between simulated and experimental temperature 
profiles, providing additional confidence in the adopted CFD methodology. A 
user evaluation involving 22 professional firefighters compared conventional 
game-engine smoke rendering with CFD-derived smoke visualization. The 
results indicated that participants generally perceived the CFD-derived 
smoke as more representative of enclosed fire conditions. Although the 
findings are based on a limited sample and subjective perception measures, 
they suggest that CFD-supported smoke visualization may enhance perceived 
realism in maritime firefighting training environments and provide a basis 
for further investigation using objective performance metrics. 

Keywords: Virtual Reality, Maritime firefighting, Engine room fires, Smoke 
propagation, Immersive simulation, Fire dynamics. 

1. Introduction 

Fire incidents within ship engine rooms remain one of the most 
significant hazards in maritime operations, endangering human lives, vessel 
integrity, and cargo while inflicting major economic and environmental 
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consequences. According to the Allianz Global Shipping Review [1], fires and 
explosions account for nearly 18% of all marine insurance losses globally, 
with the majority originating in machinery spaces. The Cefor Fire Trend 
Analysis [2] similarly highlights the prevalence of engine-room fires 
compared to cargo or accommodation zones. 

The International Maritime Organization (IMO), through the Standards 
of Training, Certification, and Watchkeeping for Seafarers (STCW) 
convention [3], mandates regular training and certification for shipboard 
firefighting competence. However, the current training methods rely heavily 
on mock-up structures, simplified simulations, or analytical case studies [4–
9], which fail to capture the complex fluid dynamics and heat transfer 
processes occurring within confined maritime environments. 

In recent years, computational tools-particularly Computational Fluid 
Dynamics (CFD) - have become essential for analyzing fire development, 
smoke stratification, and ventilation effectiveness in ship compartments 
[10–12]. Simultaneously, the evolution of Virtual Reality (VR) technology 
has enabled immersive training environments in which crew members can 
interact with simulated emergency scenarios. Yet, existing VR firefighting 
simulators typically employ game-engine fire models with pre-set particle 
systems and static animations [13–16]. Such models may inadequately 
reproduce important physical phenomena associated with compartment 
fires. These include buoyancy-driven flow, where hot combustion products 
rise due to density differences and generate characteristic smoke 
stratification; turbulence, which governs the mixing and transport of smoke 
and hot gases within confined spaces; and radiative heat transfer, through 
which thermal energy is transferred from the fire to surrounding surfaces 
and gases. Together, these processes strongly influence smoke movement, 
visibility conditions, and fire development within shipboard environments. 

To overcome this limitation, this study introduces a coupled CFD–VR 
framework for maritime firefighting training. The objective is to create a 
more physically informed VR environment for ship engine rooms, where the 
visualized fire and smoke fields are derived directly from CFD simulation 
data rather than pre-programmed effects. This approach offers improved 
situational awareness, thereby aligning technological capability with 
pedagogical needs [17]. 

The research presented here builds upon prior reviews of maritime VR 
applications [16, 17], identifying a clear gap between realistic fire modelling 
and immersive educational use. The specific aims of this study are: 

1. To develop a CFD model of a representative Ro-Ro ship engine room; 
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2. To generate transient three-dimensional smoke and temperature 
fields for a fuel-line fire scenario; 

3. To transfer CFD-derived smoke data into a VR environment using a 
custom conversion workflow; 

4. To evaluate perceived realism and training relevance among 
professional firefighters. The result is a unified CFD–VR pipeline capable of 
transforming numerical fire simulations into an interactive, immersive 
firefighting scenario. 

The contribution of this work does not lie in the general concept of 
combining CFD and VR, which has already been explored in previous studies, 
but in the implementation and evaluation of a complete CFD-to-VR workflow 
for a maritime engine-room fire scenario. The study is presented as a case 
study demonstrating how transient CFD-generated smoke fields can be 
converted into volumetric VR assets and subsequently evaluated through 
user perception testing involving professional firefighters. 

2. Materials and Methods 

2.1. Ship Engine Room Geometry 
The modelled space replicates a real Ro-Ro ship engine room (19.6 m × 

16.1 m × 9.0 m) distributed across two decks, comprising two four-stroke 
main diesel engines, three auxiliary generators, and a ventilation system 
consisting of 16 interconnected ventilation ducts and openings. The lower 
deck accommodates the main propulsion machinery, cooling systems and oil 
pumps, while the upper deck houses purifiers, compressors, and tanks. 
Ventilation provides approximately 30 air changes per hour (ACH) [18].  

 

 
a)      b) 

Fig. 1 - Engine-room arrangement used in the CFD and VR models: (a) lower deck 
containing the main propulsion machinery, pumps and cooling systems; (b) upper 

deck containing auxiliary machinery, tanks and ventilation connections 
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Figure 1 illustrates the engine-room arrangement adopted in the CFD 
and VR models. Figure 1a presents the lower deck containing the main 
propulsion machinery, cooling systems and associated equipment, while 
Figure 1b presents the upper deck containing auxiliary systems, tanks and 
ventilation connections. 

2.2. CFD Model Development 

The simplification introduced less than 1% deviation in the projected 
machinery area while preserving the dominant flow-blocking characteristics 
of the engine-room layout. 

The resulting model reproduces all key flow-blocking features and 
ventilation boundaries. 

Meshing employed a structured brick grid of 607,600 cells, which was 
determined to be optimal after sensitivity tests ranging from 200,000 to 
2,000,000 cells. Simulation runtime averaged 30 hours on a 3.0 GHz 16-core 
CPU with 128 GB RAM. 

Figure 2 presents the simplified CFD computational domain. Major 
machinery components are represented by cuboid geometries, while the 
principal ventilation openings and flow paths are retained in order to 
preserve the dominant smoke-transport characteristics of the original 
engine room. 

 
Fig. 2 - Simplified CFD computational domain showing the cuboid 

representation of the main machinery together with the retained ventilation 
openings and flow boundaries used in the simulation 

Boundary conditions were set as adiabatic walls with a no-slip velocity 
condition, ambient temperature 25 °C and pressure-driven ventilation at 30 
ACH. 
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2.3. Fire Source and Combustion Parameters 
A rupture in the main engine fuel line was selected as the ignition source, 

producing a continuous spray fire modelled using the Eddy Dissipation 
Model (EDM) [21]. The combustion source was defined as a 0.76 × 0.75 × 
0.33 m rectangular region adjacent to one main engine. 

The instantaneous fuel mass release rate follows: 
P=Ct2, 
where C = 6 × 10-7 yields a peak fuel release rate of 0.215 kg/s after 600 

s. Total fuel mass burnt was 43.13 kg, while total heat generated was 1.73 GJ 
(heat of combustion = 40 MJ/kg). 

Radiative heat transfer was computed using the Six-Flux model [22], 
solving six directional flux components (I–N). 

2.4. Solver Settings 
Time step in the solver (Figure 3) was set to 0.2 s (3000 steps for 600 s 

total). Radiation model Six-Flux was used to model the fire to ensure a robust 
model and moderate computational cost. The turbulence was taken into 
account with the k–ε model with buoyancy correction. The pressure–
velocity coupling was defined using the SIMPLE algorithm. This generated 
3,000 VTU output files (~60 GB) for storing temperature and smoke-density 
fields within the designated volume. 

 
Fig. 2 - Flowchart of CFD–VR coupling and solver workflow 

2.5. Benchmark Validation 
Direct experimental validation of the investigated ship engine-room 

scenario is not feasible because the modelled engine room does not exist as 
a physical compartment and full-scale fire testing would be impractical. 
Therefore, a benchmark validation approach was adopted to assess the 
credibility of the selected CFD setup. 
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The validation was based on the well-documented compartment fire 
experiments conducted by Steckler et al. [23], which are widely used as 
benchmark cases for compartment-fire modelling. The selected 
configuration consisted of a 2.8 m × 2.8 m × 2.18 m compartment with a 
centrally positioned fire source and a doorway opening 0.74 m wide and 
1.83 m high. The fire heat release rate was 62.9 kW. 

The benchmark scenario was recreated in SmartFire using the same 
solver framework adopted for the engine-room simulations. The 
compartment geometry, opening dimensions, fire characteristics and sensor 
locations were reproduced according to the original experimental 
configuration. Temperature profiles were recorded at two measurement 
locations corresponding to the original experiment: a corner sensor stack 
positioned adjacent to the doorway wall and a sensor stack located within 
the doorway opening. 
 

 
Fig. 3 - Geometry and fire and sensor locations for Steckler's simulation 

 
Figure 4 presents the geometry and sensor arrangement used for the 

benchmark validation. The resulting temperature profiles were 
subsequently compared with the experimental measurements reported by 
Steckler et al. [23]. 
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2.6. Data Conversion and Integration into VR 
SmartFire output files in .VTU/.VTK format were converted to Unreal 

Engine–readable OpenVDB files via a custom C++ script, mapping scalar 
smoke density to volumetric texture fields. Only smoke data were retained, 
reducing storage to 3 GB (3,000 VDB files). 

Each frame corresponds to 0.2 s, ensuring synchronised temporal 
playback. Spatial scaling was maintained at a 1:1 ratio with the ship 
geometry. 

2.7. VR Environment Configuration 
The immersive environment was developed in Unreal Engine 5.3, 

optimised for Meta Quest 3 VR headsets. Rendering used dynamic global 
illumination and volumetric fog shaders (Niagara system). Real-time 
playback achieved 90 fps on RTX 4070 GPUs (12 GB GDDR6X). 

Interaction modes included joystick motion, teleportation, and object 
manipulation. A control scenario featuring generic Unreal smoke served as 
a baseline for comparison. 

Figure 5 presents representative user views from the VR environment. 
Figure 5a shows the lower engine-room deck in the vicinity of the fire source, 
while Figure 5b shows the upper deck where smoke accumulates beneath 
the ceiling and progressively reduces visibility. The geometry shown in the 
VR environment corresponds directly to the CFD computational model. 
 

 
a)      b) 

Fig. 4 - Representative VR views of the engine-room environment: (a) lower deck in 
the vicinity of the fire source; (b) upper deck showing smoke accumulation and 

visibility reduction 

3. Results 

3.1. Benchmark Validation 
To assess the credibility of the adopted CFD methodology, the simulated 

temperature distributions were compared with the experimental 
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measurements reported by Steckler et al. [23] at both the corner sensor 
location and the doorway sensor location. 

 
Fig. 5 - Comparison of the corner sensors for the Steckler’s experiment and 

simulation 

Figure 6 compares the temperature profile obtained at the corner 
sensor stack with the corresponding experimental measurements. The 
simulation successfully reproduced the characteristic thermal stratification 
observed within the compartment, including the transition between the 
lower cool layer and the upper hot smoke layer. Good agreement was 
observed throughout the measurement height, with deviations generally 



Towards Realistic Maritime Firefighting: Integrating CFD Simulations… 
 

81 

remaining below 3%, based on the maximum relative deviation between 
experimental and simulated temperature measurements. 

 
Fig. 6 - Comparison of the door sensors for the Steckler’s experiment and simulation 

Figure 7 presents the comparison for the doorway sensor location. The 
CFD model reproduced the overall temperature distribution and the 
position of the neutral plane observed in the experiment. Larger local 
deviations were observed within the narrow transition region separating 
the inflowing cool air from the outflowing hot gases. This behaviour is 
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expected because steep temperature gradients amplify the influence of small 
uncertainties in measurement position and data extraction. 

Overall, the comparison demonstrates good agreement between the 
simulated and experimental temperature profiles and indicates that the 
selected CFD configuration is capable of reproducing the principal 
compartment-fire phenomena relevant to the present study, including 
thermal stratification, smoke-layer formation, and doorway flow behaviour. 

The benchmark validation does not constitute validation of the specific 
ship engine-room scenario investigated in this work. However, it provides 
additional confidence that the adopted numerical methodology can 
reproduce characteristic compartment-fire dynamics under controlled 
conditions. 

3.2. CFD Simulation Outcomes 
The CFD analysis provided time-dependent distributions of 

temperature and smoke density throughout the engine room volume. 
Results are illustrated using isosurfaces at the final simulation step (t = 600 
s), showing stratified smoke layers and buoyant thermal plumes. 

Figure 8 illustrates the CFD results obtained after 600 s of fire 
development. Figure 8a presents smoke-density isosurfaces, showing the 
formation of a stratified smoke layer beneath the upper deck ceiling together 
with lateral smoke transport influenced by the ventilation system. Figure 8b 
presents temperature isosurfaces, highlighting the buoyancy-driven 
thermal plume above the fire source and elevated temperatures in the upper 
compartment region. 
 

 
a)       b) 

Fig. 7 - CFD results at t = 600 s: (a) smoke-density isosurfaces illustrating smoke-
layer formation and transport through the compartment; (b) temperature 

isosurfaces showing thermal plume development and heat accumulation in the upper 
deck region 
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The maximum local temperature reached approximately 850 °C near the 
fire source, while average upper-deck air temperature stabilised at 210 °C 
after 10 minutes. Smoke density peaked beneath the ceiling, forming a 
stratified layer with visible gradients at 3–5 m above deck level. 

Validation of the CFD results through direct experiments is infeasible for 
safety and logistical reasons. Therefore, parametric sensitivity tests were 
performed by varying fuel release rates (±50%) to evaluate the influence on 
thermal and smoke profiles. 

Figure 9 compares the influence of varying fuel release rates on the 
predicted temperature and smoke-density distributions. Increasing the fuel 
quantity produces higher temperatures and more extensive smoke 
accumulation throughout the compartment, whereas reducing the fuel 
quantity leads to lower thermal and smoke intensity levels. 
 

 
   a)     b) 

Fig. 8 - Effect of fuel release rate on temperature (a) and smoke density (b) at mid-
height of the engine room 

Results show a proportional temperature response: doubling the fuel 
mass flux increases the mean temperature by ~32%, while halving it 
decreases it by ~28%. These variations indicate that the CFD setup responds 
consistently to input scaling. 

Furthermore, transient results at multiple time steps (t = 180 s, 300 s, 
420 s, 600 s) demonstrate progressive smoke accumulation and ceiling-layer 
thickening. 

Figure 10 illustrates the temporal development of the fire scenario at 
four characteristic simulation times. The results show progressive smoke 
accumulation beneath the ceiling together with increasing temperatures 
throughout the upper region of the engine room as the fire develops. 
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   a)     b) 

Fig. 9 - Temporal development of (a) temperature and (b) smoke density over four 
time steps for standard fuel rate 

These results correspond closely with previous CFD studies of 
compartment fires [8, 23, 24], suggesting the formation of three 
characteristic thermal and smoke regions within the compartment. 

3.3. Visual Integration of CFD Fields into VR 
Once converted into OpenVDB volumes, the CFD-derived smoke density 

fields were rendered directly within Unreal Engine. The resulting volumetric 
visualisation displayed physically grounded smoke motion driven by 
ventilation boundary conditions. 

In contrast, the generic Unreal Engine fire exhibited symmetrical 
vertical plumes, independent of ventilation flow, resulting in an unrealistic, 
static appearance. 

 
a)      b) 

Fig. 10 - Comparison of lower-deck fire visualisation: (a) generic game-engine 
smoke; (b) CFD-based smoke with airflow deflection 

Figures 11 and 12 compare smoke visualisation generated using a 
conventional game-engine approach and CFD-derived smoke fields. In the 
generic rendering, smoke remains largely symmetrical and localised around 
the fire source. In contrast, the CFD-derived visualisation exhibits 
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asymmetric propagation patterns influenced by compartment geometry, 
ventilation flow, and deck openings. 
 

 
a)      b) 

Fig. 11 - Comparison of upper-deck smoke propagation: (a) generic localised cloud; 
(b) CFD-based distribution influenced by ventilation and floor openings 

Participants generally reported perceiving differences between the two 
visualisation approaches: CFD-driven smoke appeared turbulent, 
asymmetric, and responsive to air motion, while generic smoke followed a 
uniform upward trajectory. 

This finding echoes the aerodynamic visualisation research in other 
domains such as greenhouse ventilation [24], suggesting that CFD-to-VR 
mapping may contribute to perceived realism. 

3.4. User Experience Evaluation 
A structured user study evaluated visual realism and training potential 

of both simulation types. Twenty-two professional firefighters (average age: 
42.2 ± 10.8 years; experience: 19.2 ± 11.2 years) participated voluntarily. 
None had experience with ship engine-room fires, but all had experience 
with compartment fires. 

Each participant viewed two 2-minute VR videos. The first video was 
created with generic Unreal smoke simulation, while the other used CFD-
based smoke visualisation. The presentation order of the videos was 
alternated to mitigate sequence bias. After viewing, participants completed 
a questionnaire containing both closed-ended (Likert 1–6) and open-ended 
items (Table 1). 
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Table 1 - Questionnaire structure and scoring format  
(Rating scale 1 = strongly disagree, 6 = strongly agree) 

1 The situation presented is realistic. 
1 2 3 4 

5 6 

2 The depicted fire seems too artificial to me. 
1 2 3 4 

5 6 

3 
The way the smoke spreads in the room seems realistic to 
me. 

1 2 3 4 
5 6 

4 The depicted smoke seemed too artificial to me. 1 2 3 4 
5 6 

5 I have encountered smoke similar to the one shown before. 
1 2 3 4 

5 6 

6 
I believe that the presented situation could help me practice 
dealing with such situations in reality. 

1 2 3 4 
5 6 

7 
Considering my previous experience, I believe I could 
handle solving the situation shown in the video. 

1 2 3 4 
5 6 

8 
Please describe in a few words why you stated that the 
presented situation is realistic or unrealistic. 

1 2 3 4 
5 6 

 

Descriptive results of the seven key questions are summarised below for 
all participants and for the subgroup of those with >10 years of firefighting 
experience (number of respondents N = 15). 

For the experienced subgroup, the mean realism scores increased from 
3.63 for the generic smoke to 4.20 for the CFD-based smoke, while perceived 
artificiality decreased from 3.67 to 2.93. The most significant improvement 
was recorded for Question 5 (“I have encountered smoke similar to this 
before”), where the mean increased from 3.53 to 4.36 (p = 0.027, η²p = 0.35). 

These findings suggest that experienced professionals recognised the 
CFD-based smoke as more representative of real fire conditions. Although 
other responses did not reach statistical significance, all trends favoured the 
CFD–VR model, suggesting higher perceived realism among experienced 
participants. 

Open-ended responses revealed three main themes. First, participants 
highlighted realistic smoke dynamics, noting the presence of lateral airflow, 
delayed ceiling stratification, and variations in visual smoke thickness 
within the CFD simulation. Second, users reported improved depth 
perception, as the physically based smoke volume enabled them to better 
perceive spatial confinement and the progressive degradation of visibility 
over time. Third, respondents emphasised the training relevance of the 
system, suggesting that CFD–VR environments could effectively serve as 
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pre-boarding familiarisation tools, particularly for engine-room operations 
(Figure 13). 

 
a)      b) 

Fig. 12 - Mean response comparison for all (a) and experienced (b) firefighters 
regarding realism, artificiality, and familiarity 

Typical remarks included: 
“The CFD smoke behaves like what I saw in actual building fires-layered, 

with movement across the ceiling.” 
“Generic smoke looked static, like a fog machine effect.” 

4. Discussion 

The results of this study suggest that CFD-derived smoke visualisation 
may provide a different user experience compared with conventional game-
engine smoke rendering commonly used in VR firefighting applications. In 
the presented case study, the CFD-based visualisation produced smoke 
distributions influenced by compartment geometry, ventilation conditions, 
and transient fire development, resulting in visibly different propagation 
patterns from those observed in the generic smoke model. 

The user evaluation indicated that experienced firefighters generally 
perceived the CFD-derived smoke as more representative of enclosed fire 
conditions. The largest observed difference was associated with the 
participants’ previous exposure to similar smoke behaviour, suggesting that 
CFD-derived visualisation may better reproduce certain visual 
characteristics encountered in real compartment fires. However, the 
observed differences should be interpreted cautiously because the 
evaluation relied primarily on subjective perception measures and a 
relatively small participant sample. 

Previous VR firefighting studies have frequently relied on procedural 
smoke effects and particle-based rendering approaches implemented 
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directly within game engines [18–21]. Such methods can generate visually 
convincing scenarios while maintaining high computational performance. 
The approach adopted in the present study differs in that smoke propagation 
was first simulated using a CFD model and subsequently transferred into the 
VR environment through volumetric data conversion. Rather than 
attempting to replace conventional VR rendering techniques, the results 
suggest that CFD-derived visualisation may provide an additional level of 
environmental detail for specific training scenarios where smoke movement 
and visibility conditions are important training elements. 

The benchmark comparison against the Steckler compartment-fire 
experiment demonstrated that the adopted CFD configuration reproduced 
the principal thermal stratification trends observed in experimental 
measurements. Although this benchmark does not validate the specific ship 
engine-room scenario investigated in this study, it provides additional 
confidence that the selected numerical methodology is capable of 
reproducing characteristic compartment-fire behaviour under controlled 
conditions. 

The presented workflow also demonstrates the practical feasibility of 
integrating CFD-generated smoke fields into immersive maritime training 
environments. Nevertheless, the computational requirements associated 
with CFD simulation, volumetric data storage, and rendering remain higher 
than those associated with conventional game-engine smoke effects. 
Consequently, the applicability of the approach should be considered in 
relation to the intended training objectives and available computational 
resources. 

Several limitations should be considered when interpreting the results 
of this study. First, the user evaluation involved a relatively small sample of 
professional firefighters and relied primarily on subjective perception-
based responses. Although participant experience provided valuable 
practical insight, subjective assessments are inherently susceptible to 
individual bias and cannot directly quantify training effectiveness. Second, 
the study did not include objective performance metrics such as task 
completion times, decision quality, situational awareness measures, or 
physiological indicators. Third, comparisons with alternative CFD–VR 
implementations reported in the literature were limited. Finally, while 
benchmark validation against the Steckler compartment-fire experiment 
was performed to assess the adopted CFD methodology, no direct 
experimental validation of the investigated ship engine-room scenario was 
possible. Consequently, the findings should be interpreted as evidence of 
feasibility and perceived realism rather than definitive proof of training 
effectiveness or simulation accuracy. 
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Future research should therefore focus on larger participant groups, 
objective performance metrics, additional fire scenarios and the integration 
of collaborative multi-user environments. 

5. Conclusions 

This study presented a workflow for integrating CFD-generated smoke 
fields into an immersive VR firefighting environment representing a ship 
engine room. A CFD model of a representative Ro-Ro engine room was 
developed in SmartFire, and the resulting smoke-density fields were 
converted into volumetric data suitable for visualisation in Unreal Engine 5. 

A benchmark comparison against the Steckler compartment-fire 
experiment showed good agreement between simulated and experimental 
temperature profiles, providing additional confidence in the adopted CFD 
methodology. The developed conversion workflow enabled the transfer of 
transient CFD results into a VR environment while preserving the spatial and 
temporal characteristics of smoke propagation. 

The user evaluation involving professional firefighters indicated that 
CFD-derived smoke visualisation was generally perceived as more 
representative of enclosed fire conditions than conventional game-engine 
smoke rendering. Although the findings are based on subjective assessments 
and a limited sample size, they suggest that CFD-supported smoke 
visualisation may contribute to improved perceived realism in maritime 
firefighting training environments. 

Overall, the presented case study demonstrates the feasibility of 
combining CFD-generated fire data with immersive VR technology for 
maritime safety training applications. Future work should focus on objective 
performance metrics, additional fire scenarios, larger participant groups 
and further validation of the proposed methodology. 
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