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ABSTRACT 

 
Effective ventilation in vehicles is crucial for ensuring thermal comfort and controlling 
airborne infections. This review focuses on the application of Computational Fluid 
Dynamics (CFD) in optimising vehicle ventilation systems. It examines various CFD 
methodologies, including turbulence models, meshing techniques, and solver algorithms, as 
well as their impact on ventilation performance. The review highlights that RNG k-ε and 
SST k-ω are among the most commonly used turbulence models in vehicle cabin 
simulations, based on their suitability for modelling complex airflow patterns and their 
validation against measured data. It also examines meshing techniques that influence the 
reliability of CFD simulations, including structured, unstructured, and hybrid meshes. This 
review article also discusses solver algorithms and their role in efficiently solving the 
governing equations of fluid flow and heat transfer. Various CFD approaches have been 
employed to reduce the risk of particle transmission by improving airflow distribution and 
contaminant removal effectiveness. Moreover, CFD has been used to enhance thermal 
comfort by optimising temperature distribution and managing heat loads. By synthesising 
recent advancements and case studies, this review provides valuable insights for 
researchers and practitioners, aiming to enhance ventilation systems in vehicles through 
advanced CFD techniques. This work aligns with Sustainable Development Goal (SDG) 3 
(Good Health and Well-Being), by improving air quality and reducing infection risks, and 
SDG 11 (Sustainable Cities and Communities), by contributing to safer and more 
comfortable transportation solutions. The integration of CFD into vehicle ventilation 
optimisation supports the creation of healthier and more efficient transportation systems, 
ultimately contributing to broader sustainability goals. 
 
Keywords: Thermal comfort, Infection control, Vehicle, Ventilation, Computational fluid 
dynamics 
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1.0 INTRODUCTION 
 
A vehicle is broadly defined as any mechanism designed to transport people or cargo 
through air, space, water (above or below the surface), or on land [1]. This includes 
various modes of transport such as automobiles, buses, trains, aircraft, ships, and 
emerging autonomous or electric vehicles. Each type has its own unique design and 
operational characteristics that influence indoor environmental quality [2].  

Effective vehicle ventilation is crucial for ensuring optimal thermal comfort and 
maintaining healthy indoor air quality (IAQ) for passengers. Insufficient or poor 
ventilation systems can lead to uncomfortable conditions, such as temperature imbalances 
that affect passenger comfort. Furthermore, inadequate ventilation can lead to a higher 
concentration of airborne pollutants and pathogens, increasing the risk of exposure to 
harmful substances [3]. This is especially critical in high-occupancy or enclosed settings, 
where even short-duration trips can expose individuals to elevated concentrations of 
carbon dioxide (CO2), bioeffluents, and infectious aerosols. 

Besides, this condition is particularly concerning in shared or public transportation 
environments, where the close proximity of passengers amplifies the potential for the 
spread of respiratory infections [4] and the buildup of contaminants, making proper 
ventilation an essential aspect of public health and safety. Urban commuters, school 
children, healthcare transport patients, and long-distance travellers are among the most 
vulnerable populations exposed to these risks. The design and management of ventilation 
systems in these settings, therefore, have direct implications for both comfort and public 
health.  

Figure 1 illustrates the conditions associated with poor thermal comfort and increased 
pathogen exposure in a bus. 
 

 
 
Figure 1: Poor ventilation in a bus leading to thermal discomfort and increased pathogen exposure 
from a coughing passenger. 
 
 
According to the ASHRAE-55, thermal comfort significantly influences physical and 
mental well-being, as individuals prefer environments that align with their comfort needs 
[5]. The human body generates heat, exchanges it with the environment, and dissipates it 
through diffusion and the evaporation of body fluids [6]. Even when facing thermal 
fluctuations, the body's temperature regulation system tries to keep the core body 
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temperature at around 37 °C [6]. Optimising ventilation helps minimise physiological 
strain by maintaining stable body temperatures and low skin moisture levels, key factors 
for comfort [7].  

In vehicles, the dynamic exposure to solar radiation, varying passenger loads, and 
fluctuating external temperatures further complicate thermal management [8]. For 
instance, solar heat gain through transparent surfaces can lead to uneven thermal zones, 
while idling or slow-moving conditions can reduce the effectiveness of natural airflow, 
necessitating well-regulated mechanical ventilation. 

Considering the studies where individuals spend 1 to 10 hours daily inside vehicles [9], 
it is important to establish optimal thermal conditions within vehicles. These 
environments pose unique challenges due to their compact, airtight nature, which makes 
temperature and humidity regulation critical. In addition, certain vehicle types, such as 
electric vehicles, limit engine waste heat, further necessitating efficient HVAC systems to 
maintain passenger comfort and reduce power consumption [10]. 

The importance of ventilation goes beyond comfort. In the wake of global health 
crises, such as the COVID-19 pandemic, there has been a heightened focus on airborne 
transmission of infections within enclosed spaces, including vehicles, where passengers 
are in close proximity to one another. A study by Fears et al. showed that the virus of 
SARS-CoV-2 can remain infectious in laboratory-generated aerosols for up to 16 hours 
[11], highlighting the persistence of pathogens in the air. The suspension of pathogens in 
poorly ventilated environments will increase the risk of transmission among occupants 
[12], potentially leading to widespread infection.  

Moreover, studies on public transport outbreaks [4] have underscored the role of 
directional airflow and recirculation patterns in facilitating or mitigating cross-infection 
[13]. This has led to a re-evaluation of ventilation strategies, including the use of HEPA 
filters, increased fresh air intake, and real-time monitoring of IAQ in transport systems.  

Thus, optimising ventilation systems is not only important for regulating temperature 
but also critical for public health, as it controls transmission of airborne particles. By 
enhancing vehicle ventilation, we can create safer environments where the risk of 
infection is minimised, thus protecting public health and ensuring the safety of passengers 
in shared transportation systems. 

Ventilation in vehicles is also tied to safety. Poorly ventilated environments can lead 
to the buildup of hazardous gases such as CO2 and volatile organic compounds (VOCs) 
[14], leading to drowsiness [15] or long-term health effects. For example, inadequate 
ventilation in long-haul trucks or recreational vehicles (RVs) can compromise driver 
alertness [16], increasing the risk of accidents. Exposure to elevated CO2 levels (above 
1000 ppm) has been linked to decreased cognitive function and impaired decision-making 
[17-19], which are critical in driving or emergency response scenarios. Therefore, 
optimising ventilation systems not only enhances passenger comfort but also plays a 
crucial role in vehicle safety and health outcomes. 

Vast research or review articles have focused on ventilation strategies to enhance 
thermal comfort and infection control in vehicles, exploring aspects like heat distribution, 
adjustable air vents, advanced air filtration systems, and airflow patterns. However, 
review articles specifically addressing the application of Computational Fluid Dynamics 
(CFD) techniques for modelling these strategies are limited. Existing literature primarily 
emphasises experimental and simulation approaches, with little attention to the 
comprehensive use of CFD for optimising vehicle ventilation. This gap in the literature 
highlights a need for a detailed examination of CFD applications in this context. This 
review article provides a thorough analysis of how CFD has been used to study and 
optimise ventilation strategies, focusing on turbulence models, meshing techniques, and 
solver algorithms. By identifying best practices and integrating considerations for both 
thermal comfort and infection control, this review will offer valuable insights and 
recommendations.  



Tan K.Y. et al. 
Jurnal Mekanikal, December 2025, 48: 139-154 

 

DOI: 10.11113/jm.v48.631                                                                                                Page 142 

This work aligns with Sustainable Development Goal (SDG) 11 (Sustainable Cities 
and Communities) by contributing to the development of safer, more efficient, and 
comfortable transportation solutions that enhance the overall quality of urban mobility. It 
also supports SDG 3 (Good Health and Well-Being) by focusing on the improvement of 
air quality and the reduction of infection risks, thus promoting healthier environments for 
both passengers and communities. By encouraging the adoption of simulation-driven 
design, this review promotes sustainable engineering practices that minimise resource use, 
shorten development cycles, and enhance resilience in transport systems. 
 
 
2.0 SYSTEMATIC REVIEW ON CFD TECHNIQUE 
 
CFD is a powerful tool that utilises numerical methods and algorithms to analyse and 
simulate fluid flow and heat transfer [20, 21]. In vehicle ventilation, CFD plays a crucial 
role in understanding airflow patterns, temperature distribution, and pollutant dispersion 
within the vehicle cabin. CFD achieves this by solving the governing equations of fluid 
motion, including the complex Navier-Stokes equations, which describe the behaviour of 
viscous fluids. These equations account for various factors such as velocity, pressure, 
temperature, and turbulence, providing a comprehensive representation of airflow 
dynamics. One of the major advantages of CFD in vehicle ventilation is its ability to 
generate detailed visualisations of airflow phenomena [22], which can reveal critical 
insights that are often difficult to observe through traditional experimental methods. 

CFD applications in vehicle ventilation range from optimising air distribution systems 
to enhancing thermal comfort and minimising the risk of airborne transmission of 
pathogens. CFD offers a powerful, cost-effective approach for visualising and evaluating 
airflow, contaminant dispersion, and thermal gradients under various operational 
conditions, without relying solely on expensive physical prototypes. Through parametric 
simulations, CFD enables engineers and researchers to evaluate various design scenarios, 
such as the placement of air vents, the effectiveness of filtration systems, and the impact 
of different operating conditions on cabin air quality. They can also predict how air 
moves through the cabin and identify areas of poor circulation. This capability is 
especially critical in modern vehicles that prioritise energy efficiency and often employ 
airtight designs, making effective ventilation more challenging. 
 
2.1 Turbulence Models  
 
Turbulence models are essential in CFD simulations as they account for the chaotic and 
unpredictable nature of fluid flows. Turbulence models in CFD are generally divided into 
two main categories: Direct Numerical Simulation (DNS) and Reynolds-Averaged 
Navier-Stokes (RANS) models [23]. Although DNS provides highly detailed and accurate 
results, its major drawback is the significant computational power it requires, which 
makes it impractical for larger or more complex geometries [23]. RANS models, while 
more computationally efficient, sacrifice some accuracy in comparison [23]. To bridge 
the gap, hybrid models such as Large Eddy Simulation (LES) and Detached Eddy 
Simulation (DES) have been developed. These models offer a middle ground, providing 
greater accuracy than RANS while requiring less computational effort than DNS [23]. 

In CFD, selecting the appropriate turbulence model depends on the flow 
characteristics. According to Gorman et al. [24], for fully laminar flows without any 
turbulence, a laminar solver is sufficient. However, for fully turbulent flows, particularly 
those bounded by walls, the SST (Shear Stress Transport) model is highly recommended 
due to its ability to capture complex flow phenomena and its reliable performance in 
thermal-transport scenarios [24]. When dealing with flows that are a mix of laminar, 
transitional, or turbulent, or when flows are time-dependent (such as pulsatile flows), the 
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SST transitional model is preferred [24]. For situations requiring the capture of small-
scale, transient flow phenomena, models like the Scale-Adaptive SST or LES are 
suggested [24]. 

Several turbulence models commonly employed in vehicle ventilation studies are 
shown in Table 1 below.  
 

Table 1: Comparison of commonly employed turbulence models in vehicle studies [24, 25] 
 

Turbulence model Pros Cons 

k-ε model 

• Simple formulation. 
• Strong performance across 
applications. 
• Extensively validated in 
various scenarios. 
• Preferred for its 
computational efficiency. 

• Struggles with capturing 
complex flow behaviours, 
less accurate in cases with 
strong separation or 
swirling flows. 
• Challenges in boundary 
layer zones. 
• Performance issues at 
low Reynolds numbers. 

k-ω model 

• More accurate for 
boundary layer flows. 
• Performs well in low 
Reynolds number conditions. 
• Ideal for detailed airflow 
studies near vehicle surfaces. 

Performance dependent on 
free-stream turbulence 
parameters. 

LES 

• Resolves large-scale 
turbulent structures. 
• Models smaller scales 
efficiently. 
• Offers improved accuracy 
for transient flow behaviour. 

Computationally intensive. 

  
 
In addition, the standard k-ε turbulence model [26, 27] and the re-normalisation group 
(RNG) k-ε turbulence model [28, 29] are widely used for simulating the turbulent flow 
field inside a chamber. To highlight, RNG k-ε is popular modification of the traditional k-
ε model, offering better performance than the standard k-ε, particularly for small-scale 
and rotating flows [24]. 

When selecting a turbulence model for vehicle ventilation scenarios, factors such as 
the geometry of the vehicle cabin, the expected flow patterns, and the computational 
resources available must be considered. Case studies have demonstrated the effectiveness 
of these models in optimising ventilation systems. For instance, simulations by Tan et al. 
[30] using the k-ε model identified optimal airflow velocity and temperature distribution 
in an aircraft cabin, meeting airworthiness standards for human comfort. 
 
2.2 Meshing Techniques in CFD  
 
2.2.1 Structured, Unstructured and Hybrid Mesh 
 
In CFD, mesh serves as the foundation for numerical simulations, discretising the 
physical domain into smaller elements that allow for the solution of governing equations. 
The choice between structured and unstructured meshes significantly affects the accuracy, 
efficiency, and applicability of the simulation [31]. Figure 2 illustrates structured and 
unstructured meshes applied to a simple model. 
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Figure 2: Two basic mesh types in CFD simulations: (a) structured mesh and (b) unstructured 
mesh. 
 
 
Structured meshes are characterised by a regular, grid-like arrangement of cells, typically 
using quadrilateral cells in 2D or hexahedral cells in 3D [32]. The structured nature of 
these meshes allows for a high degree of control over the alignment of the mesh with the 
flow direction, which can be particularly advantageous in scenarios with simple, 
predictable geometries. The regularity of structured meshes facilitates the use of efficient 
numerical algorithms, leading to faster computation times and lower memory usage [32, 
33]. This makes structured meshes highly effective for simulations where the geometry 
aligns well with the mesh, such as airflow over flat surfaces or within simple ductwork 
systems. However, the primary limitation of structured meshes is their lack of flexibility 
in handling complex geometries [33]. In vehicle environments, simulating the airflow 
distribution around the contoured seats and headrests of passengers with a structured 
mesh can result in a loss of accuracy or a significant increase in computational resources 
due to the need for fine meshing. Due to these limitations, structured meshes are not 
widely used in vehicle airflow simulations where complex geometries are present, as they 
can become inefficient and less practical for capturing the detailed flow phenomena 
necessary for optimising passenger comfort and air distribution within the cabin. 

Unstructured meshes consist of irregularly shaped cells, such as triangles in 2D or 
tetrahedra in 3D [32]. This irregularity allows unstructured meshes to easily conform to 
complex geometries [32, 34], making them well-suited for CFD simulations in 
environments with intricate shapes and details. The flexibility of unstructured meshes is 
particularly advantageous in simulations where the geometry is complex [35], such as the 
intricate surfaces of a vehicle’s interior or the detailed contours of a vent [36]. 
Unstructured meshes can adapt to these complex shapes without requiring the extensive 
refinement that structured meshes might need [37], allowing for more accurate modelling 
of airflow and thermal distribution in challenging areas. Despite their flexibility, 
unstructured meshes are more computationally demanding than structured meshes [33] as 
the irregularity of the cells requiring more sophisticated algorithms and higher memory 
usage [32]. Unstructured meshes may introduce numerical errors, particularly in regions 
where flow alignment is critical. For instance, in areas where precise boundary layer 
resolution is needed, such as near the surfaces of seats or passengers. Unstructured 
meshes may struggle to provide the same level of accuracy as structured meshes, 
potentially affecting the reliability of predictions in those regions. 

In this context, hybrid meshes combine the advantages of both structured and 
unstructured meshes by integrating structured elements in regions of simple geometry and 
unstructured elements in more complex areas. This approach allows for optimised 
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meshing that balances computational efficiency with the need for flexibility in handling 
complex shapes [38]. However, the complexity of generating and managing hybrid 
meshes with high aspect ratio, especially ensuring smooth transitions between different 
mesh types, poses significant challenges [37]. This complexity can lead to numerical 
errors if not carefully handled, and the additional computational overhead may reduce the 
anticipated efficiency gains. As a result, despite their potential benefits, hybrid meshes 
are less commonly used in airflow and contaminant studies, where simpler meshing 
approaches often suffice and are more straightforward to implement. 
 
2.2.2 Mesh Refinement 
 
Mesh refinement is critical for ensuring that CFD simulations accurately capture 
important flow features, especially in regions with high gradients or complex flow 
behaviour [39]. In vehicle ventilation simulations, refined meshes are necessary to resolve 
details like boundary layers around passengers, the intricate flow patterns around vents, 
and the distribution of particles or contaminants within the cabin.  

Researchers apply various techniques to achieve effective mesh refinement. Adaptive 
mesh refinement is one the popular method, where the mesh is dynamically refined in 
regions with significant flow changes during the simulation [31]. This allows for higher 
resolution where it is most needed, without unnecessarily increasing the computational 
burden across the entire domain. Another key method is the grid independence test. This 
involves running simulations with progressively finer meshes and comparing the results 
to ensure that further refinement does not lead to significant changes in the outcome. 
Achieving grid independence is crucial as it confirms that the solution is no longer 
dependent on the mesh size, indicating that the results are accurate and reliable. Baker et 
al. [40] emphasises the importance of the Grid Convergence Index (GCI) method, which 
requires at least three systematic mesh refinements to ensure that the numerical solution is 
in the asymptotic range. GCI is a quantitative measure that provides a relative error bound 
to describe how a numerical solution varies with successive mesh refinements [41]. It is 
designed to assess the convergence of a solution as the mesh is refined, helping to 
determine whether the results are approaching the true physical solution. A lower the GCI 
value indicates a higher level of accuracy, and it could be achieved when the observed 
order of accuracy closely aligns with the formal order of accuracy. Researchers applied a 
GCI value of 5% to 10% to ensure grid independency when performing indoor airflow 
studies [42, 43]. 

Maintaining high mesh quality is essential for obtaining accurate CFD results, as the 
mesh forms the foundation for the entire simulation. A well-constructed mesh ensures 
that the computational model can accurately capture the physical phenomena of fluid flow, 
heat transfer, and pollutant dispersion. Poor mesh quality, characterised by excessively 
skewed or distorted cells, can introduce numerical errors, such as artificial diffusion or 
incorrect flow behaviour, which can degrade the accuracy of the simulation [44]. This is 
particularly important in vehicle CFD simulations, where precise control of airflow and 
particle dispersion is crucial for optimising thermal comfort and infection control. 
 
2.2.3 Solver Algorithms and Techniques 
 
Solver algorithms are crucial in CFD to ensure the reliability of predicting fluid flow and 
heat transfer within vehicle cabins [45]. Among the widely used solver algorithms are 
Semi-Implicit Method for Pressure-Linked Equations (SIMPLE), Semi-Implicit Method 
for Pressure-Linked Equations-Consistent (SIMPLEC), Semi-Implicit Method for 
Pressure-Linked Equations Revised (SIMPLER), and Pressure-Implicit with Splitting of 
Operators (PISO) [46], as presented in Figure 3. These algorithms play a significant role 
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in simulating indoor vehicle environments, where precise modelling of airflow, 
temperature distribution, and contaminant dispersion is essential [15]. 
 

 
 

Figure 3: Four widely used solver algorithms in CFD simulations. 
 
 
The SIMPLE algorithm is commonly used to solve the Navier-Stokes equations in 
incompressible flows [47]. It applies to most indoor airflow cases, such as vehicle cabins. 
This algorithm operates by iterating between the velocity and pressure fields to ensure 
mass conservation. The algorithm involves a predictor step, where an intermediate 
velocity field is estimated using the previous pressure field. This is followed by a pressure 
correction step, which adjusts the pressure field to satisfy the continuity equation. While 
SIMPLEC and SIMPLER are the variant of the SIMPLE algorithm, and widely used for 
indoor simulation [39]. SIMPLEC algorithm enhances the convergence speed by 
optimising the pressure correction equation and reduce under-relaxation factor, while 
SIMPLER algorithm enhances the convergence characteristics by using integrating 
additional pressure corrections step [48]. In the context of vehicle cabin simulations, 
SIMPLE is appropriate for predicting airflow patterns and ventilation performance. Its 
robustness and good convergence properties make it suitable for steady-state problems, 
although it may require more iterations and computational resources compared to other 
methods. 

The PISO algorithm extends the SIMPLE method to improve transient flow 
simulations. It is useful in scenarios where there are rapid changes in flow conditions, 
such as airflow induced by human movement within a vehicle or sneezing and coughing 
by occupants [49]. The PISO algorithm incorporates additional steps to enhance accuracy 
and stability in transient simulations. It involves a pressure correction step [50] similar to 
SIMPLE, but with extra iterations to refine the pressure field. A velocity update step 
follows, ensuring continuity and updating the velocity field. A second pressure correction 
step [50] further refines the pressure field, offering improved accuracy for time-dependent 
problems. Although PISO offers better performance for transient simulations, it is more 
computationally demanding due to its additional iterations and steps [50]. 

In comparing the two algorithms, SIMPLE is generally favoured for steady-state 
simulations involving complex geometries, due to its robustness and convergence 
properties. However, for dynamic conditions and time-dependent simulations, such as 
varying ventilation rates and human movement, PISO offers improved accuracy and 
stability [51]. A recent study revealed that the Extension of SIMPLE (ESIMPLE) 
algorithm demonstrates a superior convergence rate compared to the traditional SIMPLE, 
PISO, and SIMPLEC algorithms [52]. Understanding the specific requirements of the 
simulation could aid in selecting the appropriate algorithm to achieve reliable and 
accurate simulation results. Table 2 tabulates the combinations of turbulent model, 
conditions, and algorithms used in previous vehicle cabin studies. 
 

Solver 
Algorithms 

SIMPLE SIMPLEC SIMPLER PISO
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Table 2: Simulation condition and algorithm used in the past vehicle cabin studies 
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3.0 CFD APPLICATIONS IN VEHICLE VENTILATION 

 
Several studies of such and similar problems to passenger car model highlight the use of 
the RNG k-ε model [60, 61], while some support the use of SST k-ω for similar 
applications [62, 63]. Christian Suárez further supports the SST k-ω model’s suitability 
for steady-state airflow simulations, treating air as an ideal gas in vehicle environments. 
 
3.1 Airflow Patterns 
 
Airflow patterns refer to the air velocity distributed throughout the vehicle, which may be 
varies based on a few critical factors, as summarised in Figure 4.  
 

 
 

Figure 4: Summary of critical factors affecting airflow pattern in a vehicle. 
 
 
The first factor is the flow rate, Q (m3/s) throughout the vehicle. Danca et al. [64] 
conducted an CFD simulation for a sedan vehicle using turbulence model of RNG k-ε 
with 6.5 million tetrahedral mesh elements. The study showed that when the boundary 
conditions for the central, right and left diffuser had Q of 0.0131 m3/s, 0.0068 m3/s and 
0.0047 m3/s respectively, the maximum air velocity experienced by the driver and front 
passenger at x = 1.35 m was 0.80 m/s, while the back passengers at x = 2.8 m experienced 
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a maximum velocity of 0.30 m/s, with a maximum air velocity of 1.00 m/s from each 
inlet [64]. In comparison, with boundary conditions at higher flow rate, where the central, 
right and left diffuser were set to 0.0380 m3/s, 0.0197 m3/s and 0.0158 m3/s respectively, 
the maximum velocity experienced by the front passenger at x = 1.35 m was 1.4 m/s, and 
by back passenger at x = 2.8 m was 1.1 m/s, with a maximum air velocity of 2 m/s at inlet 
[64]. Fišer & Pokorny [65] reported that fan speed impacts flow rate. At fan speed 2, Q 
was 0.02 m³/s with a maximum inlet air velocity of 2.6 m/s, and at fan speed 4, Q 
increased to 0.05 m³/s with a maximum inlet velocity of 5.8 m/s [65].  

Besides, the factor affecting airflow patterns include the type of turbulence model and 
the number of mesh elements used in the simulation. In terms of turbulence model, 
Djeddou et al. [66] conducted a study to compare airflow velocity between SST k-ω and 
RNG k-ε model using 28 million in a sedan car. They reported that at the point of x = 1.2 
m, the airflow velocity using the RNG k-ε model was 0.4 m/s, while the SST k-ω model 
gave an airflow velocity of 0.9 m/s [66]. In terms of mesh element, Djeddou et al. [54] 
conducted another a CFD simulation on a sedan car using SST k-ω turbulence model with 
28 million tetrahedral mesh elements, resulting in airflow velocity of 0.6 m/s at x = 1.2 m. 
When using 11 million tetrahedral mesh elements, the airflow velocity at the same point 
was 0.5 m/s [54].  

Moreover, the size of the vehicle is one of the factors affecting airflow patterns in 
vehicle cabin. Khatoon & Kim [67] conducted simulation on a vehicle with interior 
dimension of 1.8 m (L) × 1.5 m (W) × 1.0 m (H), using RNG k-ε turbulence model with 
3.2 million tetrahedral mesh elements. In the study, the maximum air velocity from the 
inlet is 0.463 m/s, and the maximum air velocity experienced by passengers at the point 
of x = 1.4 m is 0.30 m/s [67]. To compare, another study by Pirouz et al. [68] used larger 
car with dimension of 2.5 m (L) × 1.2 m (W) × 1.2 m (H). From their study, they reported 
that when Q = 0.06 m³/s, maximum airflow velocity experienced by front passenger at the 
point of x = 1.2 m is 0.71 m/s. 

The number of occupants in a car is also a critical factor affecting the airflow velocity. 
Djeddou et al. [54] conducted CFD simulation using SST k-ω model with 28 million 
tetrahedral mesh elements to compare airflow velocity between one and four occupants in 
a sedan. They reported that with one occupant, the maximum air velocity at x = 1.2 m was 
0.9 m/s, and at x = 2.4 m, it was 0.8 m/s [54]. In comparison, with four occupants, the 
maximum air velocity at x = 1.2 m dropped to 0.8 m/s, and at x = 2.4 m, it decreased to 
0.5 m/s due to the obstruction of airflow by human manikin in the front passenger seat 
[54].  

To add on, the number of opened windows when the car is moving also influence the 
airflow patterns in the vehicle. Mathai et al. [69] performed a study where the car was 
moving at 80 km/h with different number of opened windows. The study reported that 
when all four windows were opened, the ventilation airflow rate is 50 L/s; when only two 
windows are opened, which were the rear-left and front-right window, the ventilation 
airflow rate is 30 L/s  [69]. 
 
3.2 Thermal Comfort 
 
In the highly asymmetric and transient environment of an automobile passenger cabin, the 
air temperature is only one of many key environmental factors that affect thermal 
comfort [70]. Air temperature within vehicles often exhibits non-uniformity due to the 
installed air conditioning system [71]. The impact of air movement on human comfort is 
significant, especially in sensitive areas like the neck, head, and feet, varying based on 
individual sensitivity. Excessive or irregular airflow can lead to local thermal discomfort 
[72]. 

ASHRAE-55, which outlines thermal environmental conditions for human occupancy, 
states that the temperature in a vehicle cabin should be between 20 °C and 25 °C to 
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ensure a good thermal comfort of the passenger in a car cabin. AHSRAE thermal 
sensation scale introduced Predicted Mean Voted (PMV), representing the average 
thermal sensation felt by a group [73]. PMV value is divided into seven values, ranges 
from “–3” (Cold), “–2” (Cool), “–1” (Slightly Cool), “0” (Neutral), “+1” (Slightly Warm), 
“+2” (Warm) to “+3” (Hot) [73]. ASHRAE-55 defines a comfort zone within PMV levels 
from “–0.5” to “+0.5” [74]. In other words, the nearer the PMV value to 0 (Neutral), the 
better the thermal comfort experienced by the occupants. To complement PMV, Predicted 
Percentage of Dissatisfied (PPD) is introduced. PPD calculates the prediction of the 
number of thermally dissatisfied individuals within a group [75]. 

Karthick et al. [76]'s study investigated thermal comfort in an SUV cabin using CFD 
simulations with the k-ε turbulence model. Karthick noted that cabin temperature depends 
on factors such as cabin size, the number and form of air vents, HVAC system mass flow 
rate, and interior materials like the dashboard and seats. The study examined various 
vehicle speeds to find a suitable temperature, with airflow simulations modelling an inlet 
velocity of 10 m/s, resulting in a cabin temperature of 23 °C and airflow velocity of 5 m/s. 
Dynamic air vents were recommended to improve airflow and HVAC efficiency [76]. 

Next, Taftian [77] conducted a study in a recreational vehicle (RV), with the RNG k-ε 
turbulence model to solve transient 3D RANS equations and applied the SIMPLE 
algorithm for pressure-velocity coupling. In the study, several parametric studies had 
been done to optimise vent configurations, by analysing inlet and outlet locations, airflow 
direction, and the number of exhaust vents using metrics like temperature, velocity, PMV, 
and PPD values. He reported that vertical supply air improved mixing, while two exhaust 
vents significantly reduced hot spots and enhanced thermal comfort [77]. The optimised 
configuration outperformed the reference case, showing better airflow uniformity and 
temperature distribution [77], which is important for better thermal comfort of occupants 
in RV. 

Cigarini et al. [78] experimentally investigated the impact of HVAC systems on 
energy consumption and thermal comfort in a 12-meter Battery Electric Bus (e-bus). The 
study employed a custom-developed sensor station to measure climatic parameters and 
identified a suitable thermal comfort model. Data on energy consumption, battery State of 
Charge (SoC), and available travel range were recorded using an embedded data logger. 
Tests were conducted under winter conditions on a Berlin bus line, comparing scenarios 
with the heating system on and off. The study reported that heating increased the e-bus's 
energy consumption by a factor of 1.9, significantly reducing the battery's SoC and 
available travel range [78]. Thermal comfort was evaluated as shifting from 
"comfortable" with heating on to "slightly uncomfortable but acceptable" with heating off 
[78]. 

Jose and Chidambaram [79] conducted a study on thermal comfort in a minivan cabin 
using CFD simulations with the RNG k-ε turbulence model and validated their findings 
with experimental data. The study analysed air velocity and temperature, observing that 
air velocity inside the vehicle was set to 2.3 m/s with a temperature of 23 °C, close to 
ASHRAE standards. The highest PPD values were recorded at the walls and AC vent 
outlets, with comfort indices remaining within the neutral PMV scale range for optimised 
AC positions, enhancing passenger comfort across different scenarios [79]. 
 
3.3 Infection Control 
 
Vehicle ventilation is crucial in reducing airborne particle concentrations that could pose 
health risks to passengers. According ASHRAE-62.1, which outlines ventilation for 
acceptable indoor air quality and can be used for designing vehicle HVAC systems, the 
ideal air velocity in a car should be between 0.2 m/s and 1 m/s. This range helps prevent 
turbulent airflow that can hinder the removal of airborne particle through exhaust. 
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ASHRAE-62.1 also specifies that the relative humidity in a vehicle should be maintained 
between 30% and 60%, with an ACH of 20 to 60, due to the smaller size of the space.  

A particle is composed of three components, which are dust, allergens and pathogens. 
Sattar et al. [80] found that in a vehicle cabin, particles consist of 40-60% dust, 20-30% 
allergens, and 5-15% pathogens. To further reduce airborne concentrations in cars, 
Mariita et al. [81] suggested mounting Ultraviolet (UV) light lamps on HVAC systems. 
They reported a reduction of airborne concentration up to 95.14% in the vehicle cabin 
after 5 minutes of sampling, compared to without UV light. The HVAC system, using 
RNG k-ε turbulence model, achieved an efficiency of 82.34% in removing airborne 
concentrations during the same time period [81]. Another study by Pan et al. [55] 
reported that the installation of Ultraviolet C (UVC) lamps with a wavelength of 222 nm 
further reduces the normalised total number of bioaerosols inhaled by the driver to 1.19 × 
10−7, representing an additional 32.1% reduction. This follows the installation of a 
partition, which decreases aerosol inhalation by 55.9%, equivalent to a reduction in the 
normalised total number of bioaerosols to 2.46 × 10−7 at t = 6 s. 

Pan et al. also [55] conducted a study using the LES method and reported that opening 
the car window reduced the normalised total number of bioaerosol inhaled by driver from 
3.38 × 10-5 to 8.83 × 10-7, corresponding to a reduction of 97.4%. Feng et al. [82] found 
that one ion generator in the car’s HVAC system achieved 35% of disinfection efficiency, 
and increasing to 55% with two ion generators. They also reported that using an 
Electrostatic Disinfector (ESD) at 6.5 kV and an Enhanced Air Filtration System (EEAF), 
CFD results showed approximately 100% filtration efficiency for particles sizing between 
0.1 and 2.5 μm, while saving up to 87.9% in car fuel energy consumption [82]. Wang et 
al. [83] suggested the use of High-Efficiency-Particulate-Filter (HEPA), which has an 
efficiency of up to 99.97% at removing dust, pollen, mould, bacteria, and any airborne 
particles with a size of 0.3 µm or larger. 
 
 
4.0  CONCLUSION 
 
The choice of turbulence model significantly impacts the accuracy and efficiency of CFD 
simulations in vehicle ventilation scenarios. Case studies, such as those by Djeddou et al. 
[66], Jose and Chidambaram [79] and Mariita et al. [81] demonstrate that models like the 
RNG k-ε and SST k-ω can effectively optimise airflow and temperature distribution, 
ensuring compliance with human comfort standards while considering vehicle geometry 
and computational resources. Additionally, the selection of meshing techniques and 
solver algorithms is critical for accurately simulating airflow and thermal dynamics 
within vehicle cabins; structured, unstructured, and hybrid meshes offer distinct 
advantages, while algorithms like SIMPLE and PISO enhance the reliability of CFD 
predictions. 

The effectiveness of CFD simulations in vehicle ventilation is underscored by their 
ability to analyse airflow patterns, thermal comfort, and infection control. CFD provides 
valuable insights into the complex interactions between air movement, temperature 
distribution, and the dispersion of particles, which are essential for designing efficient 
ventilation systems. The studies reviewed emphasise that optimising airflow dynamics 
within vehicle cabins is fundamental for achieving thermal comfort and improving IAQ. 
Key to this optimisation is the integration of advanced turbulence models, which better 
represent the chaotic nature of airflow in confined spaces. In addition, the implementation 
of innovative technologies, such as UV lamps for pathogen inactivation and HEPA filters 
for fine particulate matter removal, has been shown to significantly enhance air quality 
and reduce the risk of infection transmission. These technologies, in combination with 
well-calibrated ventilation strategies, play a critical role in creating healthier and more 
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comfortable environments for passengers, especially in shared or high-traffic modes of 
transportation. 

For future work and applications, researchers should focus on refining turbulence 
models and meshing techniques to enhance the accuracy of CFD simulations in vehicle 
ventilation, as these choices significantly influence results. Enhancing the precision of 
these models will help in understanding complex interactions and improving the overall 
design of ventilation systems. Moreover, there is a need for further investigations into 
integrating advanced technologies, in simulation studies to better understand their impact 
on air quality and thermal comfort in vehicle cabins. On the other hand, practitioners 
should leverage these enhanced simulation insights to inform the design and optimisation 
of vehicle ventilation systems. By adopting evidence-based strategies, they can develop 
more effective ventilation solutions that prioritise passenger comfort, reduce the risk of 
airborne illnesses, and ensure overall safety in the shared transportation systems. 
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