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Abstract 

 The spread of infectious diseases such as COVID-19 depends on complex fluid dynamics interactions 

between pathogens and fluid phases, including individual droplets and multiphase clouds. Understanding 

these interactions is crucial for predicting and controlling disease spread. This applies to human and animal 

exhalations, such as coughs and sneezes, as well as bursting bubbles that create micron-sized droplets in 

various indoor and outdoor environments. By exploring case studies in this regard, this study examines the 

emerging field of fluid dynamics in disease transmission, focusing on multiphase flows, interfacial flows, 

turbulence, pathogens, human traffic, aerosol transmission, ventilation, and breathing microenvironments. 

These results indicate that increased ventilation rates and local ventilation methods can effectively reduce 

the concentration of SARS-CoV-2-laden aerosols in the immediate breathing spaces between individuals. 

In a displacement-ventilated room, both neutral and unstable conditions were more effective in removing 

breathed SARS-CoV-2-laden aerosols from the air, regardless of the presence of test subjects. However, 

stable conditions may increase the risk of infection in individuals living in confined spaces. Thus, the 

findings of this study are useful for providing practical guidance for managing the spread of airborne 

infections. 

Keywords: Multiphase flows, Interfacial flows, Turbulence, Pathogen, Human traffic, COVID-19, 

Aerosols transmission, Ventilation, Breathing microenvironment 

 

Introduction 

 The catastrophic COVID-19 pandemic has demonstrated how local outbreaks can quickly escalate 

and place a strain on national healthcare systems and the global economy, resulting in significant financial 

costs surpassing those of earlier influenza pandemics [1]. This highlights the urgent need for science-based 

research focusing on prevention, infection control, and pre-drug/vaccine illness management [2]. During 

an epidemic, crucial considerations centre on how the disease spreads and the approach to containment and 

prevention [3]. The spread of SARS-CoV-2 and safeguarding healthcare personnel and the most vulnerable 

populations during shortages of masks or respirators are pertinent questions [4]. Additionally, the 

recommended frequency and method for decontaminating hospital rooms, airlines, cruise ships, and 

dormitories, as well as the recommended distance between persons for activities such as breathing, 

speaking, singing, coughing, and sneezing, are all relevant considerations [5]. The use of masks for source 

control is a vital aspect to consider [6]. These questions are relevant not only during a global pandemic but 

also in the context of seasonal influenza, which causes approximately 500,000 deaths annually worldwide, 

and tuberculosis, which claims over 1,000,000 lives each year and is the primary cause of death from an 

infectious disease [7]. Recent research on infectious diseases on a small spatial scale has made significant 

progress in understanding pathogen–host invasion, infectious disease pathophysiology, and host 

immunology [8]. Detailed spatiotemporal data and models were created to anticipate the spread of 

epidemics across regions and countries on a broad scale. However, there is still a significant lack of 

knowledge on disease transmission at the intermediate level, where transmission between hosts serves as a 

connection between pathogen-host interactions and host physiology, environmental factors, and broader 

population dynamics [9]. A transmission event may seem too short and random to be controlled by 

identifiable underlying processes that can be utilised for intervention [10]. Therefore, it is essential to invest 

in research to better understand and manage the spread of infectious diseases. The transmission of infections 

from one host to another is a vital aspect of their lifecycle [11]. Therefore, to survive, infections must adapt 

to the process of suspension and interaction with fluids [12]. It is crucial to investigate the impact of fluids 

on the transmission and spread of diseases and how viruses modify their behaviour to ensure their survival 

mailto:samkoley5@gmail.com


Trends Sci. 2024; 21(8): 8287   2 of 36 

during the transmission process [13]. Table 1 lists all notations defined in this article. Machine learning 

techniques (elaborated in subsequent sections below) were explored in this study to determine the role of 

quantitative methods in augmenting the simulation efficacy of prevalent computational fluid dynamics 

models in estimating transmission pathways of infectious airborne diseases. 

 

Materials and methods 

Historical discourse 

Daniel Bernoulli, renowned for his work in hydrodynamics, initially pursued a medical education and 

earned his degree from the University of Basel in 1721 with a thesis titled Dissertatio physico-medica de 

respiratione [14]. He subsequently transitioned from being a professor of anatomy and botany to a professor 

of physics [15]. The individual pioneered the application of probabilistic modelling in epidemics to assess 

the efficacy of variolation against smallpox and predict the potential increase in life expectancy following 

the eradication of smallpox [16]. He was the first physicist to engage in epidemiology formally [17]. Until 

the eighteenth century, there was a prevalent belief that contagious illnesses were spread by inhaling 

harmful fumes known as miasma, which originated from decaying substances [18]. The main argument 

focuses on the origin and spontaneous development of the infectious pathogens. The notion of transmitting 

disease-causing pathogens gained popularity in the late 19th century [19]. Experiments conducted by Pasteur 

in 1861 and Koch in 1876 on anthrax, TB, and cholera strongly support the germ hypothesis by 

demonstrating that certain microbes are responsible for causing infectious illnesses [20]. Argyropoulos et 

al. [21] showed that pathogens in exhaled droplets can settle around an infected person, leading to the belief 

that direct contact with these droplets was the main way respiratory diseases spread until the 1930s [22]. 

Debates, contradicting methods, and ad hoc attempts for answers arise because of the absence of a 

mechanistic explanation of the intermediate transmission size [23]. 

Debates over the transmission channels of healthcare-associated diseases mainly focus on surface 

cleaning as a way to prevent infections while often ignoring or rejecting the importance of air contamination 

and persistence of airborne pathogens [24]. In the field of agriculture and food safety, there is limited 

understanding of the transmission of pathogens to plants or produce, which contributes to ongoing 

productivity loss due to insufficient prevention and management of cross-contamination [25]. At this 

intermediate scale, a thorough comprehension of the underlying mechanisms can drive advancements in 

non–pharmacological and pharmacological interventions as well as epidemic control techniques [26]. 

Fluids are prevalent in intermediate sizes [27]. Exhaled droplets can remain suspended in the air for 

extended periods, which is influenced by the surrounding temperature and humidity levels [28]. These 

droplets can spread by bursting bubbles or splashing from moist contaminated surfaces [29]. Detailed 

knowledge of the fundamental fluid dynamics involved is crucial for simulating and predicting the 

transmission of infectious diseases across hosts [30]. proposed a methodology to simplify and analyse 

complex transmission events into manageable, biophysically based mechanistic processes, following the 

advice of Bernoulli [31]. 

Previous studies have demonstrated that the CONTAM multizone contaminant transportation model 

effectively forecasts the airflow/ventilation and pollutants [9-19]. These verifications have primarily aimed 

to utilise the CONTAM-quanta model to analyse the superspreading incident related to the Skagit Valley 

Chorale and then contrast the findings with the COVID-19 Aerosol Transmission Estimator [7]. The quanta 

transmission was analysed using the single-zone CONTAM scenario FaTIMA [8]. The primary goal of the 

FaTIMA program is not to analyse aerosols at the quantum level but to model the transmission of infectious 

particles. The investigation confirmed the effectiveness of the proposed CONTAM quanta method in this 

part of the FaTIMA. The numerical strategy was verified by comparison with a previous analytical method 

that utilised the same input parameters. It is essential to verify that the numerical programming of the 

software tool aligns with the results reported in the literature to confirm a close match between the 

calculated and expected values of airborne concentrations obtained using the COVID-19 Aerosol 

Transmission Estimator approach. The final aerosol levels in the air were determined to be 0.56 quanta m3 

in both studies. After 2 h, the exposure risk is 88.6 %. The suggested CONTAM-quanta method can produce 

exposure assessment findings similar to those of prior research. This was a comparison between the 

CONTAM multizone and single-zone FaTIMA simulations in relation to the baseline scenario (Baseline 

OA + MERV8). The central Variable Air Volume (VAV) ventilation system in the large office, together 

with air leaks, facilitated the passage of air across zones, leading to the observed discrepancies. The single-

zone FaTIMA model can only manage steady weather conditions, whereas the multizone model utilises 

Chicago TMY3 meteorological data. The CONTAM simulation imitated the VAV systems in a Large 

Office building by utilising a series of air-handling units on several levels, more accurately replicating 
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aerosol transmissions through return grills and other multizone systems. For comparison, FaTIMA uses a 

singular fundamental supply/return mechanism. The CONTAMquanta technique was compared to 3 

existing models: FaTIMA, the COVID-19 estimator for single zones, and the REHVA Calculator for 

multizones, as shown in Tables 2 and 3. 

 

 Recent developments 

 The study of fluid dynamics in disease transmission aims to elucidate the fundamental mechanisms 

that influence the spread of pathogens through various processes, including droplets, bubbles, and complex 

flows [32]. The term ‘health’ is defined expansively to encompass human, plant, and animal populations 

[33]. Disease transmission in these populations is influenced by a complex series of fluid dynamics and 

biophysical processes that affect pathogen release, spread, survival, and infection of new hosts [34]. To 

fully comprehend the entire transmission process, it is necessary to analyse the fundamental physics 

involved, especially the complex fluid dynamics at different scales and phases, and how they interact with 

the pathogen [35]. proposed a paradigm centred around certain physical stages that influence transmission 

and survival [36]. Phase 1 involves the extraction and encapsulation of pathogens within the host [37]. 

Phase 2 includes the release and transportation of pathogens from the host [38]. Phase 3 focuses on the 

ecology and longevity of pathogens in the environment, and Phase 4 of the transmission framework deals 

with the infiltration and infection of new hosts [39]. This review examined this framework in relation to 

respiratory and nosocomial infections, water-to-air pathogen transfer, and pathogen transmission in 

agriculture [40]. Finally, we summarise the existing knowledge gaps and potential research opportunities 

in the fluid and health fields [41]. The COVID-19 pandemic has led to unprecedented containment measures 

worldwide to control SARS-CoV-2 transmission [42]. Since the initial reports of a novel infectious disease 

outbreak in the Chinese province of Hubei, public health experts have investigated the transmission of this 

new virus [43]. As of July 2020, the transmission mechanism of SARS-CoV-2 remains debatable [44]. 

Moreover, the transmission methods of the most prevalent respiratory illnesses are not well understood 

[45]. In this study, we investigated the mechanisms by which exhalations carry respiratory pathogens 

through fluid dynamics [46]. Exhalations such as breathing, talking, laughing, coughing, sneezing, and 

singing were included in Phase 2 of the transmission framework [47]. It is now recognised that all of these 

entail the release of a gas phase containing droplets of various sizes [48]. The velocity, total volume, and 

liquid volume portions of these emissions generate the spatiotemporal probability density function of 

contamination in air and on surfaces, referred to as the ‘pathogen footprint’ [49]. In the early twentieth 

century, it was believed that most respiratory infectious diseases spread through direct contact with visible 

droplets generated by infected individuals [50]. Despite the prevalence of various interpretations of disease 

transmission across different professions, a clear and universally understood definition is necessary, 

particularly during global pandemics [51]. This is to prevent confusion in scientific research, the media, 

and public health policies [52]. In this review, a ‘droplet’ is defined as a liquid fluid, while ‘droplet nuclei’ 

refer to the solid remaining after the liquid has dried, forming a complex solid residue [53]. Both droplets 

and droplet nuclei can remain suspended in air and act as vehicles for disease transmission [54]. However, 

the term ‘aerosol’ encompasses all types of materials suspended in the air, which is different from droplets 

[55]. Airborne transmission in infectious disease control is defined as the spread of either airborne droplet 

nuclei or tiny particles within a respirable size range containing infectious agents, which appears to exclude 

droplets from the definition [56]. It is crucial to establish a universal definition based on precise physical 

composition to avoid confusion [57]. Notably, no dry nuclei or residues were released from infected hosts 

[58]. Therefore, a physics-based division emerged that categorised respiratory transmission as either big or 

not [59]. small droplet pathways or droplets against aerosols based on the initial droplet size [60]. In 

conclusion, a clear and globally understood definition of droplets and aerosols is essential to prevent 

confusion in scientific research, media, and public health policies during a pandemic [61].  

According to the findings of [62], large droplets tend to fall close to the person inhaled, whereas 

smaller droplets evaporate and become flying droplet nuclei [63]. Ambient airflow can transport droplet 

nuclei over short distances at a rate of centimetres per second, primarily in indoor environments [64]. The 

maximum distance travelled by droplet nuclei is primarily regulated by the weak advective flows of 

ventilation and climate control systems in indoor environments, rather than by the emission dynamics of 

activities such as speaking, coughing, or sneezing [65]. The distinction between large and small droplets 

remains crucial in classification systems of organisations such as the World Health Organization (WHO) 

and the Centers for Disease Control and Prevention (CDC) [66]. Several experimental methods used to 

measure droplet size distributions have yielded conflicting results [67]. These methods include droplet 

counting on glass slides, aerodynamic droplet sizing, interferometric Mie imaging, droplet image 

velocimetry, low-pressure electric impactor spectrometry, scanning mobility droplet sizing, and laser 
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diffraction [68]. Various instruments and calibrations are associated with these methods, often requiring 

assumptions about the optical characteristics, evaporation rates, morphologies, sphericity, and compactness 

of droplets or particles [69]. Determining the properties of droplets composed of complex biological fluids 

or components is challenging, resulting in highly variable measurements [70]. These methods exhibit 

different sensitivities across different sizes, are not standardised to a common reference range, and often 

only analyse a small sample volume, which can increase background noise [71]. Droplet sizes are typically 

determined at a single remote sample point and are significantly influenced by environmental factors such 

as humidity and temperature, which present a fundamental issue of under-sampling in both spatial and 

temporal dimensions, especially when attempting to accurately capture fleeting and irregular emissions 

[72]. It is crucial to determine whether pathogens are present and remain infectious or reside in droplets 

based on their size as well as the droplet sizes themselves [73]. The outcome is influenced by the volume 

of droplets collected, methods of handling, and techniques used for amplification [74].  

An understanding of the fluid fragmentation processes that create droplet sizes and speeds 

complements the improvement of measurement techniques by establishing expected limits and physical 

constraints on the range of droplet sizes and speed distributions in physiological fluids [75]. This has been 

utilised and discussed in the current COVID-19 situation, similar to its use during the SARS outbreak [76]. 

Researchers have been intrigued by the size distribution of expelled droplets based on several types of 

expiration, including breathing, speaking, coughing, and sneezing [77]. Therefore, infection control 

professionals should focus on establishing whether a pathogen is primarily transmitted by droplets or 

aerosols when a new respiratory infectious illness arises [78]. Two issues arise with this technique, 

prompting the need to reject inaccurate droplet versus aerosol transmission classifications [79]. Public 

health authorities mostly attempt to deduce the main pathways of disease transmission using extensive 

population epidemic data, which are constrained by various restrictions, scarcity, and underreporting [80]. 

The spread of infectious diseases within households can be attributed to various transmission pathways 

[81]. The lack of comprehensive epidemiological data makes it difficult to distinguish between different 

transmission routes [82]. To gain a better understanding of the dominant transmission processes and 

underlying principles, intermediate-scale investigations are essential [83]. This is particularly relevant in 

indoor environments, where transmission can occur through both large and small drops [84]. The contrast 

between Wells’ static perspective and dynamic cloud evolution view is not merely theoretical [85]. The gas 

cloud expands the range of droplets of all sizes by capturing and transporting them further than if they were 

released as individual droplets in still air [86]. Moist exhaled gas can protect droplets from evaporation in 

cold and dry outside air, which is distinct from warm and humid conditions within the respiratory system 

[87]. This, coupled with cloud momentum, facilitates the extension of the range of all droplet sizes [88]. 

The fluid dynamics of exhaled multiphase turbulent puff clouds have significant implications for safety 

measures, physical/social distancing, respiratory protection of healthcare workers, and indoor air hygiene 

[89]. Public health policymakers are currently addressing these pressing issues owing to the lack of previous 

research investment in these areas [90].  

 

Table 1 List of abbreviations and notations used in this study. 

ϕ Laplace limit 

ѱ Time series of observation data 

ф Time series of model data 

ρϕ Eigen function for Fourier transform of reflectivity 

νϕ Eigen function for Fourier transform of absorptivity 

Ƙ Lagrange polynomial multiplier 

Þ Flajolet-Odlyzko constant 

Ḧ Vandermonde polynomial multiplier 

ξ Khinchin-Lévy constant 

Ꚍ Dirichlet integral of temperature 

Ḡ Dirichlet integral of discharge 

ⴄ Oscillatory integral operator for inflow 



Trends Sci. 2024; 21(8): 8287   5 of 36 

μ Oscillatory integral operator for turbulence 

Ƴ Mean squared deviation 

Ü Dirichlet integral of transmissivity 

ζ Riemann zeta function representing Dirichlet series 

θ Lemniscate constant representing the integral covariance of stochastic data 

α Peak frequency density of observation data 

β Peak frequency density of model data 

ꭥθ Hyper-harmonic median of Dirichlet series 

λα Peak wavelength density of observation data 

λβ Peak wavelength density of model data 

ꙍn Sylvester sequence of Eigen solutions 

Ѵ Taylor series expansion derivative 

Ṝ Maclaurin series expansion derivative 

ƒ Bessel corrected variance 

σϕ Fourier integral of feedback components 

ꭔ Bernoulli continuity coefficient for Gregory’s series 

Ƃτ Recursive Bayesian Estimation of relative conjugate error 

 

 

Latest case studies 

The formation of droplets in the respiratory tract is a complex process that involves the expulsion of 

mucosalivary fluid or creation of droplets through a combination of shear and film rupture instabilities [91]. 

These droplets can form sheets that stretch and break into rings and fluid ligaments, eventually forming 

droplets in the turbulent gas phase [92]. The destabilisation of these droplets is influenced by combinations 

of Kelvin-Helmholtz, Rayleigh-Plateau, and Rayleigh-Taylor instabilities, which are driven by the surface 

tension, viscous forces, and aerodynamic forces [93]. The proportions of these forces dictate the 

fragmentation patterns and the resulting size and speed distributions of droplets in exhaled turbulent puff 

clouds [94]. Mucosalivary ligaments are strained by the underlying fluctuating turbulent flow [95]. Viscous 

effects are minimal compared to inertial and surface tension effects in emissions; however, they may be 

significant in individuals with respiratory diseases [96]. It is anticipated that the viscosity effect is the 

primary factor influencing pure mucus located deeper in the airways [97]. It is likely that the impact of this 

factor will change depending on the progression and type of infection, indicating a mutual interaction 

between the pathogen and the fluid phase [98]. In respiratory diseases, the creation and release of 

mucosalivary droplets in a turbulent gas cloud, along with their changes due to evaporation and 

condensation in the environment, make up phases 1 - 3 of the framework [99]. These phases are crucial for 

determining the characteristics of droplets or droplet nuclei that can be inhaled by a potential host (phase 

4) [100]. The size and nature of inhaled particles affect how far they can travel in the environment and how 

deeply they can penetrate the respiratory system [101]. The size, content, and pathogen load of inhaled 

droplet nuclei define the specific lung tissue that they reach from the upper airways to the alveoli [102]. 

Research on animals has shown that inhalation of an atomised solution leads to greater infection and 

mortality rates than dry intranasal inoculation when exposed to the same amount of virus [103]. Research 

has examined the physics of deposition in the respiratory tract concerning medication transport and 

dosimetry of nebuliser treatments, as mentioned in reviews [104]. There are still significant areas of study 

that need to be explored regarding the deposition and penetration of respiratory contaminated droplet 

residues throughout phases 1 - 3 of the transmission process [105]. There are still significant questions 

regarding how transmission physics, complex biochemistry, and host immunology interact with the mucous 

barrier of the upper airway [106]. This barrier is crucial in defending against respiratory infectious agents, 

where the characteristics of pathogen-laden droplets from Phases to 1-3 play a role in determining the 

success of host cell infiltration and infection [107]. 
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Table 2 Comparison of prevalent modelling techniques for simulating airborne aerosols’ behaviour. 

 
COVID-19 

estimator [26] 

REHVA 

calculator [53] 

FaTIMA 

[37] 

CONTAM 

[49] 

CONTAM-

quanta [56] 

Building details - - - ✓ ✓ 

HVAC details - - ✓ ✓ ✓ 

Occupancy schedule - - - ✓ ✓ 

Weather impacts - - - ✓ ✓ 

Multi–zone analysis - - - ✓ ✓ 

Occupant exposure ✓ ✓ ✓ ✓ ✓ 

Infection risk ✓ ✓ - - ✓ 

 

 Stochastic integrations 

Puffs, jets, thermals, and plumes are turbulent fluid bodies emitted from a single source, either 

continuously (jets and plumes) or discontinuously (puffs and thermals) [108]. Thermals and plumes are 

powered by buoyancy, while puffs and jets are propelled by momentum [109]. turbulent point-source theory 

effectively represents the important characteristics of geophysical and environmental processes at different 

scales [110]. The entrainment concept has been used to explain the dynamics of intense exhalation in detail 

and with precise measurement [111]. These 2 phases of cloud development are significant [112]. The first 

phase is characterised by a short-lived jet-like motion, including the high-momentum expulsion of the 

exhaled gas cloud together with its mucosalivary content [113]. In a homogenous environment, such as 

interior spaces with standard ceiling heights and mixed ventilation, buoyancy remains constant [114]. Even 

if it initially seems insignificant, buoyancy may eventually impact the path of the cloud when the forward 

speed decreases significantly [115]. When the speed of the cloud decreases significantly, the droplets and 

nuclei can be carried by the surrounding ventilation flows, which usually move at a rate of millimetres per 

second [116]. This transport may persist for hours to days until the particles settle on the surface or are 

removed via interior air circulation [117].  

Alqarni et al. [15] introduced an advanced model to explain the settling of particles in turbulent fluid 

in a confined container [118]. This theoretical model is closed, meaning that it does not include any free 

parameters and can track the spatial and temporal changes in a gas cloud during regular exhalations, coughs, 

and sneezes [119]. It also measures the quantity and size of the droplets dispersed from the cloud over time 

and the distance from the origin [120]. This information is crucial for calculating the pathogen footprint 

and conducting risk-map evaluations of contamination [121]. The projected development of the cloud was 

verified through comparisons with similar laboratory and human subject tests [122]. The traditional 

approach of dichotomising transmission, inspired by Wells in the 1930s, fails to account for the presence 

of an exhaled multiphase gas cloud [123]. This outdated perspective is insufficient for predicting the extent 

of surface and air pollution caused by exhalations, necessitating a significant change in how this 

phenomenon is viewed [124]. By transitioning from the concept of isolated droplet emissions to the 

turbulent multiphase puff cloud model, we can gain a new perspective on how pathogens spread in indoor 

environments over time and space [125]. This shift can help assess the effectiveness of interventions related 

to indoor space management and occupancy by focusing on the air and surface contamination levels [126]. 

All exhalations, such as breathing, sneezing, coughing, talking, and singing, can be described as point-

source emissions of a turbulent multiphase gas cloud containing respiratory liquid droplets [127]. The 

motion that propels this cloud is primarily driven by the gas phase rather than the liquid-droplet phase [128]. 
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Figure 1 (a) Differential allotment of apriori machine learning algorithms across 2 separate scenarios over 

a 15-year timescale, designated as per a principal component analysis of the data discussed in the Section; 

(b) Fibonacci sequences of LES results, wherein the total pressure PT keeps constant in the stream tube 

when the ventilation rate is not too small, by analogy to wind pressure PW is decided by the position of the 

opening; (c) Projected cytometry of total pressure PT
′  at the same opening position of a sealed room model 

is similar to the PT at opening (ΔP is the tangential dynamic pressure, and the value is the difference between 

PT and PW) with significant Marks-Kendall metric, with scatter plots of Trellis-density correlations between 

studying the impact of varying wind direction on coefficient of variation (CV) in a wind tunnel by 

innovative utilization of a revolving turntable and wind direction fluctuations. was determined and modified 

by an on-site measurement using an ultrasonic anemometer in Shanghai; (d) Clockwise schematics of case 

studies incorporated for the machine learning analysis; (e) Polar Akima Interpolation of prevailing wind 

angle varied between −45∘ and +45∘ with 4 different fluctuating periods (6, 9, 18 and 36 s) in wind tunnel, 

rectified via Python t–SNE Dimensionality Reduction; (f) Normalized Laplace transform of the relationship 

between PR
∗ and the discharge coefficient Cd inflow direction β. 

 

 

Measurement principles 

The COVID-19 pandemic has highlighted the essential role of fluid dynamics in the transmission of 

respiratory infections through various means including exhalation, speaking, singing, coughing, and 

sneezing [129]. It is vital to understand this interaction to effectively manage patient care facilities because 

many individuals with symptomatic COVID-19 may expel mucosalivary droplets into the environment 

[130]. Furthermore, medical procedures that generate aerosols, such as intubation, extubation, and oxygen 

delivery, can result in both surface and air contamination [131]. The MERS coronavirus is transmitted 

nosocomially, possibly from severely ill, long-term hospitalised patients [132]. Laboratory studies have 

shown that SARS-CoV-2 remains infectious for at least 3 h after aerosolisation and for up to 72 h on the 

surface. An environmental sampling study on SARS-CoV-2 discovered the virus in the air vents of a 

symptomatic patient’s hospital room [133]. This finding indicates long-distance movement of viral 

particles, contradicting the large-droplet theory of viral transmission, which suggests that large droplets 

travel farthest, land on surfaces, and contaminate only those surfaces [134]. The detection of viral particles 

in air vents aligns with the multiphase turbulent gas cloud emission model [135]. This model posits that 

droplets become trapped within a gas cloud, enabling them to travel a considerable distance from the patient 

before being carried by ambient airflows at a slow speed of a few centimetres per second over the course 

of hours or even days [136]. Although it is difficult to definitively prove this hypothesis, especially during 

the ongoing pandemic, the precautionary principle outlined in the SARS Commission’s 2007 report 

recommends that healthcare workers should be equipped with superior personal protective equipment, 

specifically N95 respirators, which were in short supply during the initial stages of the pandemic in the 

Western hemisphere [137]. It is worth questioning whether the distribution system of personal strategies 

was at the beginning of the epidemic rather than scientific evidence and the precautionary principle [138]. 

Insights into disease transmission, the effectiveness of masks and new materials for source control, and the 

reduction of contaminants from protective equipment can be gained through the application of fluid 

dynamics [139]. The factors to consider include the safety of medical procedures, such as aerosol-

generating procedures or routine patient care in field hospitals during a pandemic, hand washing, social 

distancing requirements affecting occupancy number and duration in different environments, 

decontamination innovations, indoor air hygiene strategies facilitated by ventilation types, air filtration, 
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decontamination, conditioning systems, and localised flow control solutions [140]. Flow heterogeneity 

plays a crucial role in the spread of indoor infections [141]. 

 

Figure 2 (a) Stacked hierarchical band structure (simulated in 6-sets via nominal range sensitivity analysis) 

of supervised learning classifiers within the Trellis-density correlations, clustered by double Y-axes’ offsets 

in standard XY scale; (b) Sankey-visualization of stacked histogram plots depicting a normal distribution 

of the connection between discharge coefficient and PR
∗ the opening is located at the windward side, which 

experimentally validated the Local dynamic similarity model; (c) Schoeller-Contour profile of k − ε two-

equation turbulence models (i.e., the RNG k − ε framework involving indoor airflow, double skin façade 

and solar chimney), depicted alongside a spectroscopic packing of Bland-Altman density data; (d) 

Stochastic cylindrical resonances highlighting the covariance of changes in façade temperatures with (i) 

absorptivity (αIR) ranging between 0.1 − 0.25, the temperature of inner façade’s changed from 41.2 °C to 

49.4 °C, and (ii) the reflectivity (ρIR) ranging between 0.07 − 0.3, the inner façades’ temperature lying 

within 38.2 − 43.7 °C, arranged based on the offsets of two Y-axes in a conventional XY scale. 

 

Remediating airflow heterogeneities is crucial, because  

 

 The well-mixed limit of indoor ventilation represents the greatest pathogen dilution limit, offering a 

minimum exposure risk in an indoor setting [142]. It is known that this limit needs to be adjusted owing to 

changes in indoor environments, such as variations in buoyancy sources (occupants and equipment) and 

fluctuations in venting caused by natural movements (oscillations and door and window openings) [143]. 

These factors can lead to the accumulation of contaminants in specific areas [144]. will likely provide more 

knowledge on how to enhance non-pharmacological interventions and mitigation strategies to fight the 

spread of COVID-19 [145]. Governments worldwide are progressively relaxing lockdown measures and 

aiming to bolster their capacity to manage anticipated waves of the pandemic by adopting a comprehensive 

approach that involves managing people, air, surfaces, and space [146]. This involves the implementation 

of practices such as hand hygiene, cleaning, limiting occupancy, managing indoor spaces and air quality, 

and utilising suitable protective equipment, such as specific types of masks, based on the situation or 

activity [147]. Pathogens transferred by fluids and droplets can spread via means other than the respiratory 

route [148]. Approximately 23 million infections and 50,000 hospitalisations in the United States each year 

are attributed to norovirus [149]. Clostridium difficile is a major cause of gastroenteritis-related mortality, 

causing almost 500,000 infections and approximately 29,000 deaths in the United States in 2011, with 

annual costs exceeding US$ 1.1 billion annually [150]. Clostridium difficile mortality rates are comparable 

to those of ovarian, brain, or kidney malignancies, and between December 2013 and September 2014, the 

Ebola virus disease outbreak in West Africa resulted in over 2,000 fatalities [151]. These disorders 

commonly present with signs of diarrhoea and vomiting [152]. 
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Table 3 Estimated removal efficiencies for various mitigation techniques. 

Strategy Masks Outdoor air PAC 
MERV 

filter 
In-Room GUV In-Duct GUV 

Removal 

efficiency (%) 
𝑀 

𝑄𝑜𝑎𝐶

𝐺
 

𝜂𝑎𝑐𝑄𝑎𝑐𝐶

𝐺
 

 

𝜂𝑀𝐸𝑅𝑉𝑄𝑟𝑒𝑐𝐶

𝐺
 

𝑄𝑈𝑉𝑟𝐶

𝐺
 

(1 − 𝜂𝑀𝐸𝑅𝑉)𝜂𝑈𝑉𝑑𝑄𝑟𝑒𝑐𝐶

𝐺
 

 

 As shown in Tables 4 and 5, recent research indicates that these emissions may include large 

concentrations of SARS-CoV-2, which are found in significant amounts on the surfaces of patient 

bathrooms [153]. Spills from surfaces, sinks, or toilet flushes in hospitals and other interior environments 

are frequently overlooked as potential transmission pathways. However, to date, only basic attempts have 

been made to measure their impacts [154]. Shared toilets in medical institutions are used by potentially sick 

patients, making them a probable source of indoor cross contamination [155]. This study aimed to 

investigate the potential of toilet flushes for pathogen transmission [156]. The research involved 

contaminating toilets with germ and then collecting samples from the surfaces and air following flushing 

[157]. Despite numerous flushes, this study found that not all organisms in the bowl were completely 

removed [158]. Furthermore, it was discovered that the droplets created during flushing contained 

organisms used for seeding, which remained airborne and viable [159]. In 2013, another study evaluated 

different toilet designs and found that each flush could release up to 145,000 particles from collected 

samples [160]. In public venues in North America, particularly in patient care settings, toilets often lack 

lids to minimise surface contamination from biofilms or superbugs [161]. 

 However, systematic studies on the source conditions and fluid dynamics of pathogen emissions in 

bathroom settings, such as flushes and water splashes from hand washing, are currently lacking [162]. 

Researching the fluid dynamics of fragmentation and aerosolisation can aid in comprehending the emission 

dynamics and spatiotemporal progression of the spray and fragmentation processes [163]. Figure 2(c) 

depicts a toilet flush recorded at 2,000 fps in the recent direct visualisations conducted by [164]. To mitigate 

droplet collection on surfaces, adhere to the surface cleaning measures outlined in local infection control 

guidelines [165]. No existing systems or practices address air pollution [166]. It is also important to 

scrutinise the mechanics of bubbles and their role in the generation of secondary contaminated droplets 

[167]. Other fragmentation mechanisms were examined in [168].  

 

Experimental frameworks 

Previous sections have demonstrated that fundamental physics, particularly interfacial and 

fragmentation dynamics, can explain the various mechanisms related to disease dispersion and transmission 

[169]. Organisms have evolved to control these processes and to spread and multiply [170]. This section 

focuses on the interaction between the bubbles at the bulk fluid interface [171]. Bubbles are commonly 

found on the surface of water and can pose public health risks by producing droplets that may contain 

infectious agents, thereby facilitating the spread of airborne diseases [172]. These droplets can be easily 

carried over short and long distances by drafts and the wind [173]. The transmission of infectious diseases 

by inhalation of droplets or droplet nuclei harbouring germ cells is well-established in both human and 

animal populations. Therefore, when a bubble ruptures, it expels droplets [174]. Thinner bubbles, which 

are usually older, release a greater number of smaller and quicker droplets than broader bubbles, which are 

usually younger [175]. Additionally, thinner films experience higher acceleration when the cap is opened, 

causing a more intense destabilisation of the developing rim owing to Rayleigh-Taylor instability [176]. 

Microorganism-contaminated bubbles remain on the bubble cap for the entire duration of the bubble 

existence [177]. Older bubbles can release several contaminated droplets when they break [178]. Bubbles 

near the surfaces of distilled, bottled, or pure tap water burst rapidly [179]. During their brief existence at 

the interface, the thickness of the bubbles is altered by the interaction with the surrounding air in a surprising 

and paradoxical manner: cooling the upper part of a bubble reduces its surface tension and enhances 

evaporation compared to the lower part, which remains at ambient temperature [180]. This difference in 

surface tension causes water to move from an area of low surface tension to an area of high surface tension 

owing to the thermal Marangoni flow [179]. This upward movement counteracts the draining of the bubble 

film, resulting in older and thicker clean bubbles [181]. The replenishing effect of evaporation is universal 

and can be caused by temperature variations between the main fluid and the top of the bubble cap owing to 

evaporative cooling, as well as gradients of chemical or biological compounds [182]. Additionally, volatile 

chemicals such as alcohols and salts can exacerbate this phenomenon [183]. Bacteria produce secretions 

that stabilise bubbles, making them resistant to disruptions that would typically cause clean bubbles to burst 
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quickly [184]. The secretions produced by bacteria have properties similar to those of surfactants, which 

allows them to extend the lifespan of soap bubbles [185]. Thicker caps are often more resistant to external 

disturbances, resulting in bubbles that can last longer [186]. Surface-active chemicals can enhance the 

interface, leading to increased elasticity and an extended bubble lifespan [187]. 

Understanding how this change in regime affects the transmission of pathogens from water to air is 

crucial for determining the effectiveness of infected bubbles with lifespans exceeding 10 - 20 s in producing 

contaminated droplets [188]. The interplay between water evaporation and Marangoni flow results in a 

change in the thinning law, which affects pathogen transmission [189]. Bacterial secretions can affect 

bubbles, even in bacteria such as Escherichia coli, which are not commonly associated with biofilm 

production [190].  Marzouk et al. [191] demonstrated that bacteria can influence the interfacial physics 

within contaminated bubbles to enhance long-distance dissemination. It is essential to recognise that 

infections should not be considered passively conveyed in fluids without influencing the physical processes 

of the medium transporting them, even though they may have a small size, low concentration, and minimal 

impact on the static surface tension of the fluid [192]. 

 

Table 4 Data points required to run the CONTAM-quanta model of the first-floor core zone of the DOE 

large-office prototype. 

Inputs Parameters Type Magnitude Data source 

 

 

 

 

Zone geometry 

 

 

 

 

Volume (m3)/Area (m2) 

Core 6,376/2,324 [47] 

Perimeter West 

(Perimeter East) 
608/224.5 [49] 

Perimeter North 

(Perimeter South) 
803/288 [55] 

Restroom 277/100 [58] 

Stairs (Elevator 

Shaft) 
75.7/27.6 [68] 

Data Center 98.6/36.0 [72] 

Zone occupancy 
Infector 

- 
1 

[61] 
Susceptibles 133 

Initial quanta 

concentration 
Concentration (quanta/m³) - 0 - 

Quanta generation 

Quanta generation rate 

(quanta/h) 

- 

65 [24] 

Breathing rate (m3/h) 0.72 [36] 

Generation duration 
8: 00 − 17: 00 

(9 h) 
[112] 

Deposition and 

deactivation 

Surface deposition rate 
- 

0.3 h−1 [37,48] 

Viral particle deactivation rate 0.63 h−1 [79] 

Germicidal in–room GUV removal rate - 4 h−1 [51] 

Ultraviolet light 

in–duct GUV removal 

efficiency 
 

87 % [79] 

MERV8 removal 

efficiency 
20 % [59] 

MERV removal 

MERV11 removal 

efficiency 
- 

65 % [33] 

MERV13 removal 

efficiency 
85 % [114] 

PAC airflow 

rates 

PAC1 

- 

0.46 m3/s 

(975 CFM) 
[117] 

PAC2 
1 m3/s 

(2,140 CFM) 
[121] 

PAC3 
1.45 m3/s 

(3,075 CFM) 
[124] 

PAC4 
17 m3/s 

(36,000 CFM) 
[126] 

HEPA removal efficiency - 99 % [130] 

Mask 

Mask wearing percentage 

 

0 or 100 % [133] 

Exhale removal efficiency 50 % [137] 

Inhale removal efficiency 30 % [141] 
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Tools and techniques 

Crop diseases can have a significant impact on yield as well as historical consequences, as evidenced 

by the Irish potato famine of 1845, which resulted in the displacement of millions of people and 

approximately one million fatalities owing to the spread of Phytophthora infestans [193]. An estimated 10 

% of global crops are lost each year to plant diseases, resulting in billions of dollars in projected costs, 

particularly in areas with limited resources [194]. Plant diseases can spread over long distances through 

established meteorological patterns or exceptional events such as hurricanes [195]. Erosion and surface 

runoff can also contribute to the movement of soil and landscapes. The focus was on the transmission of 

rainfall-induced diseases on a host-to-host scale, as the physics of long-distance dispersion and erosion 

have been addressed in other studies [196]. Spores and bacteria trapped in sticky mucilage can only spread 

through contact with the liquid phase, and rainfall often triggers foliar disease outbreaks [197]. Lesions on 

crops typically appear a few weeks after rain events, with new lesions emerging at the base of wheat leaves 

after rainfall and preceding epidemics of other plant diseases, such as Septoria tritici, Septoria nodorum, 

yellow rust, and tan spot [198]. In laboratory experiments, simulated rainfall contaminated the area 

surrounding an infected plant [199]. As shown in Tables 4 and 5, further research is needed to develop 

physical models of rain/irrigation-leaf interactions to better understand the mechanisms that influence 

pathogen distribution and provide universal methods for various canopies and rain intensities [200]. This 

research can also aid in improving the disinfection of vegetables after harvest [201]. Modelling the spread 

of foliar diseases requires an understanding of the physical mechanisms that influence pathogen 

distribution, which is essential for monitoring, predicting, and controlling outbreaks [202]. An improved 

understanding and modelling of the complex spray physics and interactions between sprays and crops are 

essential for optimising the timing and quantity of applied chemicals and minimising losses due to spray 

drift [203]. Current research on the spread of diseases through rain splashes has primarily relied on 

statistical simulations that utilise empirical methods without fully resolving the underlying physical 

processes [204]. The distribution of pathogens via the raindrop effect on contaminated leaves involves 

interplay between the fluid dynamics of the raindrop, biophysical characteristics of the pathogen, and 

biomechanical properties of the leaf [205]. The rapid local movement of droplets as they impact leaves is 

influenced by various morphological and mechanical traits that determine the spread of contamination 

around plants  [206]. Surface features such as roughness, venation pattern, and wetting properties of leaves 

play a critical role in defining local transmission dynamics. The wetting properties of leaves determine 

whether they are covered in droplets or films after rainfall, irrigation, or dew [207]. 

 

Table 5 Comparison of CONTAM (FaTIMA)-quanta single-zone and COVID-19 Aerosol Transmission 

Estimator. 

Zone 

volume 

CONTAM (FaTIMA)-quanta COVID-19 aerosol transmission estimator 

𝟖𝟏𝟎 𝐦𝟑 Value 𝟖𝟏𝟎 𝐦𝟑 Value 

Generation 

Number of infectors 1 Number of infectors 1 

Particles/Quanta 

generation rate 
970 quanta/h Infective person 970 quanta/h 

Removal 

Supply air rate 567 m3/h 
Ventilation with 

outside air 
0.7 h−1 

Return air rate 
567 m3/h 
(0.7 h−1) 

- 

Exhaust air 
567 m3/h 
(0.7 h−1) 

Exhaust air 
567 m3/h 
(0.7 h−1) 

Air cleaner (Filter) 0 
Additional control 

measures 
0 

Surface deposition 0.3 h−1 Surface deposition 0.3 h−1 

Inactivation of the 

virus 
0.63 h−1 

Inactivation of the 

virus 
0.63 h−1 

 

 Previous research on rain-induced contamination dispersal has concentrated on 2 extreme cases: 

Superhydrophobic surfaces with very low wetting properties, and surfaces with very high wetting properties 

that result in a film coating on leaves [208]. However, new research has established a framework based on 

wetting and mechanical foliar qualities that has transitioned from a physical model of crown-vertical sheet 
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fragmentation dynamics to 2 main forms of contaminated fluid emissions [209]. Inertial detachment can 

increase the distance that larger contaminated droplets travel, owing to a new disintegration and ejection 

process [210]. This is important because large ejected droplets are believed to increase the likelihood of 

infecting a healthy leaf by depositing a higher concentration of the pathogen in a confined area [211]. 

Increasing leaf flexibility initially appears to reduce the distance that disease-carrying droplets are expelled 

from the infected plant. However, this decrease in transmission efficiency in terms of range is offset by the 

inertial detachment fragmentation mode, which results in a high compliance [212]. This mode increases the 

risk of successful infection, owing to the larger drop size and higher potential pathogen load caused by 

reduced dilution upon fragmentation for inertial detachment fragmentation [213]. The boundary layer flow 

is influenced by the density, shape, and arrangement of plants, and the canopy can help improve the 

accuracy of the contamination range and distribution patterns. The significance of this method lies in its 

inability to specifically protect against a suspected pathogen; however, it can reduce the spread of a range 

of rain-or irrigation-induced illnesses in a particular area and facilitate effective intercrop spacing [214]. 

The knowledge gained is also applicable to broader processes of fluid and pathogen accumulation, 

dispersal, or elimination (such as contamination of produce by human or plant pathogens during irrigation) 

[215]. The intricate leaf shape in these applications causes the liquid sheet to break up in a non-symmetrical 

manner in air, leading to different distributions of drop sizes and speeds compared to symmetrical sheet 

fragmentation [216]. Various types of splashes occur when a crown strikes a thin film, deep pool, or near-

surface margin, including unstable sheet development and breakup [217]. When the Weber number 

exceeded a specific threshold, the impact changed the drop volume into a spreading sheet with varying 

velocities and thicknesses [218]. This sheet is surrounded by a moving ring of varying thickness that breaks 

into droplets [219], thereby enabling a phenomenon called ‘Respiratory fluid fragmentation’ [220]. A 

similar progression from sheets to rims to drops was observed in [221]. To address the challenges associated 

with the emission and transport of pathogens in various populations and disease systems, it is crucial to 

accurately quantify and predict a simplified canonical unsteady fragmentation process owing to its universal 

nature [222]. The dynamics of classical unsteady sheet fragmentation occur when a drop impacts a target 

of similar size, as discussed in [223]. 

 

Sampling procedures 

Case A: Human passage through an air curtain separating 2 corridor sections transports 

contaminants 

Engineering specifications and calculations 

The transfer of heat and movement of particulate substances through an open doorway owing to 

temperature differences between the 2 zones can lead to negative consequences in settings such as industrial 

manufacturing processes, laboratories, and hospital clean rooms [224]. To mitigate these issues, air curtains 

are commonly used to reduce buoyancy-driven exchange flows and limit the spread of unwanted substances 

[225]. One advantage of using an air curtain instead of mechanical structures, such as vestibules, sliding 

doors, or strip curtains, is that it enables unobstructed movement of both human and vehicular traffic 

through the entryway [226]. However, the interaction between an air curtain and a moving object, such as 

a person passing through a doorway, is not fully understood [227]. When a moving object passes through 

a doorway, it creates a wake that carries and mixes the surrounding fluid, aiding the movement of 

contaminants [228]. In certain studies, scenarios have been investigated in which a person moves through 

a doorway connecting 2 sections of a hallway with the same temperature and density, thus carrying 

pollutants across the 2 zones [229]. To minimise the second part of the study, we explored a scenario in 

which there is a density difference across the doorway, resulting in a buoyancy-driven exchange flow, 

where a human passes through an air curtain consisting of a downward-directed planar air jet produced by 

a centrifugal fan situated in a manifold above the doorway [230].  

The basic setup of an air curtain is well understood; however, its use as an air curtain is currently 

being researched owing to the added complexity of wall impingement and the varying densities on each 

side of the jet [231]. The minimal momentum required for the air curtain to reach the other side of the 

doorway with and without wind was calculated by Sirén, who studied the thermal properties of the air 

curtain by developing an equation for thermal loss and comparing it with real-world data [232]. Numerical 

simulations, semi-analytical models, and laboratory-scale investigations in water align well with full-scale 

tests conducted on an air curtain within a completely sealed structure [233]. Frank and Linden researched 

how adding another ventilation route, such as an open window, impacted the efficiency of an air curtain, as 

well as how the air curtain’s performance changed due to the shift in the neutral level [234]. They also 

studied a heated air curtain and found that the opposing buoyancy force decreased its stability, efficacy, 

and energy efficiency [235]. Wind and pressurised chambers can externally influence the air curtain, 
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potentially leading to significant oscillations [236]. This study investigated the interaction between the 

wake of a moving person and an air curtain placed on a doorway, separating 2 zones with varying densities 

[237]. To achieve this, laboratory water-bath experiments were conducted to examine how a moving 

human, represented by a cylinder, interacts with an air curtain that divides 2 zones with different densities 

in a hallway [238]. The results derived from this review article thus outline how the current study might aid 

in improving the design of air curtains and explore techniques for minimising the impact of traffic on the 

efficacy of air curtains in real-world scenarios. 

 

Key observations 

Figure 1(a) presents a comprehensive explanation of the experimental measurements and techniques 

employed. The cylinder was moved to-and-fro between 2 fixed positions located at the midpoints of both 

sides, traversing from the saltwater side to the freshwater side and back of the tank. This scenario mimics 

an individual moving between a warm building and cold outdoor environment using a warm air curtain. 

Once the ACD on the freshwater side was activated, the jet flow stabilised, water levels on both sides were 

balanced, and the vertical gate was opened. The blue dye injection port for monitoring the air curtain was 

activated, thereby initiating the time measurement. The experiment for the other series concluded when the 

cylinder reached the middle of the opposite side after passing through the air barrier. Next, the vertical gate 

was closed and both the air curtain and dye ports were turned off. attributed this phenomenon to the fact 

that, although the moving cylinder disrupts the air curtain, the area behind the cylinder remains a turbulent 

flow field. The turbulence in the cylinder wake is anticipated to hinder and disrupt the directed buoyancy-

driven stream, similar to how the air curtain impedes buoyancy-driven flow when there is no moving 

cylinder. found that the efficiency of an air curtain should be determined by buoyancy-driven exchange 

flow. 

 

Sensitivity analysis 

 The current scenario of a doorway in a hallway resembles doorways between larger rooms, suggesting 

that the interaction at the doorway is not affected by room layouts and is instead determined locally at the 

doorway. When functioning optimally, the air curtain remained stable and touched the floor, focusing solely 

on the situation in which the air curtain continually made contact with the base of the tank without 

interruption. Raines et al. [239] displayed dye visualisations and analysed them to enhance the 

understanding of flow and efficacy measures. Flow visualisation was performed for 3 distinct cylinder 

speeds and 4 varying deflection modulus values. The infiltration flux did not appear to be influenced by the 

direction of movement. Therefore, only the findings for the cylinder moved from the dense to the lightfluid 

side of the tank. shows side views of the cylinder travelling from left to right, as indicated by the arrow. 

When the cylinder neared the air curtain, the air curtain shifted slightly in the direction of movement of the 

cylinder. The main disturbance occurs when the cylinder is behind the air curtain. Following the passage 

of the cylinder through the air curtain, the dense red fluid infiltrated the light-fluid side, as the curtain was 

re-established. The air curtain was reestablished at a later period by piercing the wake. 

 

Deterministic prototypes 

Figures 1(a) - 1(c) highlights the moment when the air curtain was initially restored, while Figures 

1 (c) - 1(e) shows the plan views of the interaction for identical parameter values. As previously stated in 

the introductory portions of this section, the cylinder had a base with a larger diameter that obstructed the 

view immediately next to it. The wake width widened as the distance from the cylinder increased, causing 

the spanwise breadth of the infiltration to increase over time. The air curtain is re-established in this scenario 

after the cylinder has moved by approximately five-cylinder diameters, as shown in Figures 1(d) - 1(f), 

and depicts the interruption and restoration of the air barrier at various cylinder speeds and deflection 

moduli. The images captured the intrusion when the curtain was initially reinforced. For Particle Image 

Velocimetry (PIV), the movement of the curtain front was monitored at 100 fps, selecting every fourth 

frame from the PIV recordings. In contrast, front tracking for dye visualisation was conducted at 24 fps, 

and the noticeable peak in the recorded curve during the PIV experiment was due to the presence of a 

powerful eddy near the leading edge of the curtain. Furthermore, it closely resembles dye tracking utilising 

buoyancy. The longer it takes for the air curtain to re-establish at higher cylinder speeds, the less effective 

it becomes, as indicated by measurements. Thus, the findings suggest that there is no notable nonlinear 

relationship between wake and gravity streams. Ramirez-Mata et al. [240] conducted research on a 

cylindrical object that represents a human moving through an air barrier separating 2 areas with different 

densities or temperatures in a hallway, and found consistent outcomes regardless of the cylinder’s direction 

of travel, whether it was moving from the dense fluid side to the light fluid side or vice versa. Razavi et al. 
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[241] discovered that entrainment in the cylinder wake increases at a higher cylinder speed owing to the 

higher wake velocity, leading to a longer period for the re-establishment of the curtain. Rezaeieh et al. [242] 

showed that dimensionless numbers were comparable to those observed in real-scale processes. Recent 

investigations have revealed that human and vehicular traffic decreases the effectiveness of air curtains 

[243]. To reduce the disruption of the air curtain, we recommend slowing down the traffic before it reaches 

the air curtain and crossing it at a significantly lower speed. These results are consistent with these 

recommendations [244]. Figures 2(a) - 2(c) illustrates the curtain re-establishment characteristics at various 

cylinder speeds, and lines were used to display the data patterns and differentiate between different settings 

[245]. This air curtain can be used as a doorframe between 2 rooms or between a room and an open outside, 

as is commonly observed in real-life situations [246]. 

 

 

Figure 3 (a) Simulation results of the RNG k − ε framework (with enhanced wall function for first layers 

y+< 1, that delivered good agreement between CFD and experimental results) expressed as Notched box-

chart with outliers; (b) Verification of experimental results with direct absorption (τ1 ⋅ α2 ⋅ Isolar ), (wherein 

the influence of low-e coating’s reflectivity on the outer façade is determined by the secondary reflection 
(τ1. ρ2 ⋅ α1 ⋅ Isola ).illustrated as raincloud and grouped-violin plots; (c) Posthoc verification of the data plots 

pertaining to ventilation rate (that performs almost in a power function correlation over the value of 

cos θ: V = 0.041(cos θ)0.31 (R2 = 0.9983) for NVDSF I; and V = 0.047(cos θ)0.31(R2 = 0.9971) for 

NVDSF II, where V is the volume flow rate (m3/s) and θ is the incident angle), illustrated as cross-

validation and anomaly detection. 

 

Case B: Control of exhaled SARS-CoV-2-laden aerosols in a ventilated room with limited space air 

stability 

Engineering specifications and calculations 

 The escalating global concern arises from the human-to-human transmission of Severe Acute 

Respiratory Syndrome Coronavirus2 (SARS-CoV-2) during the COVID-19 pandemic, which underscores 

the importance of readying effective control measures in advance for the re-emergence of SARS-CoV-2 or 

other potential pandemic risks such as COVID-19 [247]. Individuals are requested to maintain social 

distancing and self-isolation at home to limit the transmission of COVID-19 [248]. Individuals who are 

infected and experience moderate symptoms are instructed to self-quarantine in their own homes, which 

may lead to a higher likelihood of a second SARS-CoV-2 outbreak among family members as they have a 

greater risk of COVID-19 infection than other demographic groups [249]. Individuals who are undiagnosed 
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or asymptomatic may be in close proximity to others in a room without taking protective steps, possibly 

exacerbating the problem. Confined areas such as cabins, cruises, and hospital wards have been identified 

as high-risk environments for SARS-CoV-2 transmission, highlighting the significance of utilising 

engineering and environmental strategies to regulate the spread of airborne SARS-CoV-2 aerosols and 

mitigate the risks of infectious diseases in confined spaces [250]. A known method for SARS-CoV2 

transmission is airborne respiratory aerosols containing viruses released during respiratory actions, such as 

breathing, coughing, and sneezing [251]. Aerosols that can be carried and remain suspended in the breathing 

zone by exhaled air are influenced by factors such as the aerosol size, airflow patterns, and indoor 

temperature distribution [252]. These factors affect the path of exhaled infectious SARS-CoV-2-laden 

aerosols in the breathing zone [253]. Based on the Reynolds analogy and extended Reynolds analogy, the 

heat and mass transfer mechanisms and shear stress in incompressible flows exhibit similar traits, 

suggesting that the gas transport process is linked to the particle transport process in an exhalation flow 

[254]. Traditional airborne aerosols containing SARS-CoV-2 have been used for research on COVID-19 

transmission [255]. Traditional ventilation systems may not always be as effective as expected in lowering 

the risk of airborne cross-infection in certain situations [256]. Displacement ventilation can cause heat 

layering in the space, potentially trapping inhaled contaminants near the breathing height and increasing 

the risk of infection in individuals in close proximity [257]. Augmenting the ventilation rate can help 

decrease the spread of airborne infections [258]. However, higher ventilation rates often result in increased 

energy consumption during mechanical ventilation [259]. Advanced solutions, such as integrating 

ventilation systems with other engineering and environmental control systems, should be devised to manage 

the spread of COVID-19 and reduce the chances of cross-infection [260].  

Air stability in confined spaces has recently become a topic of interest [261]. In 2010, the 

categorisation of air conditioning in confined spaces was dependent on the vertical temperature distribution, 

which could be classified as stable, neutral, or unstable [262]. The level of contaminants in exhaled breath 

varies based on the stability of air in confined spaces, as reported by [263]. Under stable conditions, 

contaminants are confined near the release height and dispersed along the initially released direction, 

whereas under unstable conditions, contaminants tend to disperse quickly from their original locations 

[263]. Recent research has shown that an unstable state can significantly decrease the number of 

contaminants in the air surrounding an individual in a ventilated space [264]. However, the impact of 

combining ventilation strategies and restricted space air stability on regulating the transmission of airborne 

SARS-CoV-2 aerosols and reducing the risk of COVID-19 infection in the respiratory microenvironment 

among individuals remains unclear [265]. To address this, a sophisticated engineering and environmental 

control system was introduced that combines limited space air stability conditions with a ventilation system 

in a room [266]. This study examined how this system affects the spread of airborne SARS-CoV-2 aerosols 

in the breathing microenvironment of 2 individuals using experimental and numerical analyses [267]. Two 

human volunteers participated in the study, performing the standard breathing technique of inhalation 

through the nose and exhalation through the mouth [268]. A numerical model was created using 

experimental parameters to represent the flow field visually [269]. The simulation results were used to 

analyse how the ventilation rate affects the distribution of temperature and aerosol concentration [270]. 

These results can enhance our understanding of how inhaled airborne SARS-CoV-2 aerosols are transmitted 

between individuals in close proximity [271].  

 

Key observations 

 A few studies have examined test rooms featuring individuals adopting a specific breathing style and 

positioning, which poses the highest risk of exposure [272]. The engineering and environmental control 

system in the test room was established by implementing 3 distinct air stability conditions: Stable, neutral, 

and unstable situations in a total-volume-ventilated test room with a bottom supply and top exhaust. These 

conditions were achieved by regulating the temperature of the radiant air-conditioning system situated 

above the ceiling and the electric blankets positioned on the floor, which were divided into 2 segments. 

During the first half, known as Part A, a 30-minute tracer gas was released, while 2 test volunteers engaged 

in breathing activities. A wire anemometer is used to measure the flow rate of the ventilation system. 

Numerical simulations were performed using the CFD approach to provide a clear visual representation of 

actual physical events. A hybrid mesh approach is used to mesh the geometric model. The computing 

domain was divided into zones comprising the CSPs and the rest of the room. The occupied region is 

separated into unstructured tetrahedral cells, whereas the remaining space is divided into structured 

hexahedral cells. The boundary between the occupied area and surrounding region was addressed using an 

appropriate technique. This hybrid approach ensures a high-quality mesh. Grid independence was assessed 

using 3 different grid resolutions: 1,937,399 (Grid 1), 2,324,634 (Grid 2), and 5,551,878 (Grid 3). The study 
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utilised the SIMPLEC velocity-pressure coupling technique and second-order upwind spatial discretisation 

approach for both steady and transient calculations. The transient calculations commenced with a 

completely converged steady state outcome. Two reference examples (examples 7 and 8) were simulated 

without restricted space air stability circumstances, using the floor and ceiling as adiabatic walls. This was 

done to compare them with the numerical results of Cases 1 - 6 and to emphasise the impact of limited 

space air stability conditions.  

 

Sensitivity analysis 

 The level of concentration in the breathing microenvironment is determined by the flow of breath and 

overall airflow in space. This factor varies among test subjects [273]. Previous research has shown that 

stable stratified air can trap exhaled pollutants at a specific height in a breathing environment, leading to 

increased exposure hazards [274]. In this study, the same phenomenon was observed when the ventilation 

system was set to a steady state, which resulted in the creation of an air environment with stable 

stratification. Despite the high velocity of the supplied air causing turbulent mixing in the room, the 

concentration measured in the stable case was higher than those in the neutral and unstable cases. This 

suggests that the mixing effect of ventilation rate may be offset by the confinement effect of stable 

conditions, leading to the accumulation of SARS-CoV-2-laden aerosols in the breathing microenvironment. 

Overall, this study indicates that the effectiveness of a ventilation system in eradicating inhaled SARS-

CoV-2-laden aerosols from the surrounding air depends on the air stability conditions in confined spaces. 

The concentration distribution at different heights was generally lower for the unstable and neutral 

conditions than for the stable case, regardless of the presence or absence of test subjects. As previously 

noted, inhaled SARS-CoV-2-laden aerosols were more abundant in the stable case but dispersed better in 

neutral or unstable cases.  

Figures 2(b) - 2(d) show a comparison between the temperature profiles of the experiment and 

Computational Fluid Dynamics (CFD) findings for stable, neutral, and unstable scenarios. The numerical 

findings were in agreement with the experimental results. An existing numerical model was used to 

calculate the flow field in the breathing microenvironment. Figure 3(a) shows the temperature profiles for 

stable, neutral, unstable, and reference scenarios. The temperature distribution in the room exhibited 

stratification, which is a common characteristic of displacement ventilation [275]. Research has shown that 

layering can provide a trapping effect on exhaled pollutants in a small breathing environment [276]. Singh 

et al. [277] also revealed that dual-layer temperature stratification emerges under neutral conditions (as 

depicted in Figure 3 (b)). This indicates that the neutral state was more responsive to increased ventilation 

rates than the conventional ventilation systems without supplementary features. Under steady conditions, 

an improved temperature stratification was observed, as shown in Figure 3(c). However, the significant 

temperature contrast could trap inhaled aerosols, posing a higher risk of infection to those in the vicinity. 

While increasing the ventilation rate resulted in increased turbulence within the room, a stratified 

temperature distribution was maintained to guarantee a stable air environment, as illustrated in Figure 4(a). 

Prior hypotheses were corroborated in that the mixing effects of higher ventilation rates were partially offset 

by the confinement effect of stable conditions.  

In essence, the stratified flow pattern in stable environments is less likely to be perturbed by increased 

ventilation rates compared with other confined space air stability scenarios. This may not always reduce 

the risk of COVID-19 cross-infection in confined spaces with stable conditions, as exhaled aerosols 

containing SARS-CoV-2 may still be confined within the breathing microenvironment owing to the stable 

stratification of air. Figure 4(b) shows more mixed air environments when analysing the unstable 

ventilation system compared to the pure displacement ventilation situations depicted in Figure 4(c). The 

cooled ceiling and heated floor generated strong convection and increased air entrainment. The ventilation 

rate did not affect the difference in concentrations between the tracer gas and aerosol particles in 2017. The 

distribution of the tracer gas shown in Figure 1(b) indicates that a significant portion of the exhaled SARS-

CoV-2-laden aerosols was concentrated in the upper breathing microenvironment. The expelled mainline 

from CSP A exhibited a tendency to divert upwards and cross over CSP B. In the steady-state scenario 

shown in Figure 2(b), the exhalation flows were fully confined at the release height and moved horizontally 

towards each other. The 2 exhalation streams from CSP A and CSP B converged at the centre of the 

breathing environment, leading to the highest risk of infection, and the transmission of aerosols was 

restricted to a stable state. The enlarged contaminated area in the reference scenario is shown in Figure 

1(c), which demonstrates that the increased turbulent mixing resulting from the higher ventilation rate 

accelerated the spread of exhaled aerosols. The polluted area expanded in both the vertical and horizontal 

dimensions, covering the entire room in both neutral and unstable situations, as illustrated in Figure 2(c). 

The contaminated region was larger than that in the reference case. Under stable conditions, the transport 
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of exhaled aerosols was not influenced by changes in the breathing rate. The spread of aerosols containing 

SARS-CoV-2 remains suspended in the breathing zone with minimal movement outside the personal 

breathing space. The risk of infection was highest in this case. Although the neutral and unstable cases had 

larger polluted areas than the stable case, the accumulation of SARS-CoV-2-containing aerosols in the 

personal breathing microenvironment was lower. 

Thus, this study revealed that the performance of a ventilation system in eradicating airborne SARS-

CoV-2 particles in enclosed spaces is influenced by the stability of the air. In unstable and neutral settings, 

the concentration of SARS-CoV-2-laden aerosols in the respiratory microenvironment of a room with 

displacement ventilation is lower than that under stable conditions. It is important to assess ventilation 

methods that are appropriate for air stability. Rooms with in-floor heating and ceiling cooling systems often 

exhibit unstable and neutral conditions, respectively. To mitigate the risk of spreading SARS-CoV-2 

infection through indoor air, the use of total-volume ventilation methods, such as mixing and displacement 

ventilation, is recommended. However, in situations involving ceiling heating or floor cooling, these 

methods may not be effective in removing infectious aerosols from the breathing area, posing a significant 

risk of infection to nearby people. Therefore, local ventilation techniques should be used in confined spaces 

to eliminate SARS-CoV-2-laden aerosols from the immediate breathing zones between individuals. Local 

ventilation systems, such as push and pull ventilation systems, are designed to remove pollutants and heat 

from occupied spaces. These systems rely on locally capturing impurities, and the exhaust opening should 

be positioned in the major direction of the predicted emissions, often on the rear wall. Additionally, the 

exhaust opening should be positioned on the windward side of the mainstream exhaled pollutants under 

steady conditions to efficiently eliminate exhaled SARS-CoV-2-laden aerosols from the breathing 

microenvironment. It is worth noting that local ventilation techniques are effective in removing pollutants 

and heat from the area but may not be sufficient to eliminate all SARS-CoV-2-laden aerosols. Therefore, 

other measures such as wearing masks and practising physical distancing should be implemented in 

conjunction with ventilation techniques to reduce the risk of infection. 

 

Deterministic prototypes 

This study conducted a comprehensive examination of the spread of SARS-CoV-2-containing 

aerosols in the immediate breathing zone, using both experimental and computational data. This study 

found that the movement of inhaled SARS-CoV-2-laden aerosols in a ventilated space was significantly 

influenced by air stability in a restricted area. The following conclusions were drawn from this research: 1. 

In a displacement-ventilated room, both neutral and unstable conditions were more effective in removing 

breathed SARS-CoV-2-laden aerosols from the air, regardless of the presence of test subjects. Neutral and 

unstable situations result in a greater dispersion of SARS-CoV-2-laden aerosols throughout the room 

compared with stable conditions; however, the concentration of exhaled aerosols in the interpersonal 

breathing microenvironment is lower. Neutral and unstable conditions may reduce the risk of infection 

among individuals living in confined spaces. The effectiveness of a ventilation system in removing 

infectious airborne SARS-CoV-2-laden aerosols from the immediate breathing area between people relies 

on the air stability conditions in confined spaces. The stable scenario demonstrated a more consistently 

stratified temperature field than the pure ventilation system, resulting in a flow pattern that was less 

susceptible to changes in the ventilation rate.  

The use of increased ventilation rates has been found to effectively traps a significant portion of 

exhaled aerosols containing SARS-CoV-2 within the immediate breathing space between individuals, 

thereby increasing the risk of infection. A higher ventilation rate was more effective in reducing the 

concentration of SARS-CoV-2-laden aerosols than a conventional ventilation system, without additional 

features. The study found that both ventilation rates created a uniformly mixed-temperature environment, 

leading to the least polluted breathing space between individuals. Based on the assessment of air stability 

conditions in confined spaces, recommendations for appropriate air distribution methods are provided. It is 

suggested that total-volume ventilation methods are suitable for unstable and neutral conditions to reduce 

the concentration of SARS-CoV-2-laden aerosols. However, local ventilation methods are recommended 

for stable conditions to directly eliminate infectious SARS-CoV-2-laden aerosols from the immediate 

breathing environment. The findings of this study will be useful in providing practical guidance for 

managing the spread of infectious SARS-CoV-2-laden aerosols and minimising the risk of COVID-19.  
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Figure 4 (a) Angular response-surface plots of natural convection (that improves over a higher absorptivity 

percentage, though the change is less significant when compared to a fixed reflectivity, wherein ρi reduces 

over higher αi) and highest reflectivity ((αi/(αi + ρi) = 42 %), wherein the greatest exterior glass 

temperature is 52.0 °C and the lowest inner glass temperature is 52.7 °C (as the fraction of 𝛼 grows, the 

façades can achieve a greater inner temperature of 54.5 °C, but a lower outer façade 50.8 °C) nexus 

estimated via the 6-set hierarchical bands of machine-learning classifiers; (b) Corresponding stochastic 

response spectra of the relationship between flow rates and solar intensities for NVDSF I and II (i.e., V =
0.0039I0.33, (R2 = 0.9996) for NVDSF I, and V = 0.0044I0.33, R2 = 0.9997 for NVDSF II (V is the 

volume flow rate (m3/s) and I is the solar intensity (W/m2) notwithstanding the slight decrease in 

breathing (which is minimal for intensities greater than 400 W/m2 – averaged 5 % per 100 W/m2, but 

increases in intensity at decreasing solar levels, averaged 26 % reduction per 100 W/m2 for intensities 

lower than 400 W/m2); (c) Mass flow rates over the 8 solar angles that exhibit a similar trend of fluctuation, 

(with the ventilation of air curtains remaining constant) 12 − 13 % higher, illustrated as a dendrogram of 

stacked hierarchical bands of machine-learning classifiers. 

 

Results and discussion 

 Statistical inference 

 Air curtains are typically installed at the entrances of buildings to reduce the exchange of air owing 

to buoyancy [278]. Although these structures allow for unimpeded passage, there is a limited understanding 

of how the movement of both humans and vehicles interacts with air curtains [279]. To address this issue, 

small-scale water bath experiments have been conducted using fresh and saltwater solutions [280]. utilised 

a vertical cylinder to simulate human movement through an air curtain, which was created using a planar 
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jet divided into 2 zones with different densities [5]. The results indicated that the average infiltration flow 

of the denser fluid on the lighter fluid side increased with a higher cylinder velocity at a constant travel 

distance both before and after the air curtain [8]. The sealing efficiency of the air curtain decreases as the 

cylinder speed increases, and this reduction is unaffected by the density disparity across the doorway or the 

direction of buoyancy-driven flow [34]. Dye visualisations were utilised to observe the re-establishment of 

the air curtain after being disrupted by the cylinder, focusing on both the air curtain and the cylinder wake 

[36]. The recovery time of the air curtain and the infiltration into the cylinder wake increased as the cylinder 

speed increased. The COVID-19 pandemic has highlighted the importance of understanding and controlling 

the transmission of SARS-CoV-2 among individuals [18]. conducted experimental and numerical 

investigations to study an advanced engineering and environmental method for regulating the spread of 

airborne SARS-CoV-2-laden aerosols in a confined space between 2 individuals during close interactions 

using air stability and ventilation [38]. Experiments were conducted in a full-scale ventilated chamber under 

various restricted space air stability conditions, including stable, neutral, and unstable settings [42]. Two 

individuals simulated normal breathing in a room using exhaled carbon dioxide as a substitute for airborne 

SARS-CoV-2-laden particles produced during respiratory activities [45]. A numerical model was 

developed to determine the temperature distribution and contamination level in a test room [50]. The 

effectiveness of a ventilation system in removing infectious airborne SARS-CoV-2-laden aerosols from the 

immediate breathing area between individuals relies on the air stability within confined spaces [51]. To 

maintain good air quality, it is essential to implement an appropriate ventilation method after assessing the 

air quality [51]. Total volume ventilation methods are recommended for unstable and neutral conditions, 

whereas local ventilation methods are preferred for stable conditions [52]. This study investigated the 

transmission of airborne SARS-CoV-2-laden aerosols between individuals in ventilated rooms with varying 

air stability [53]. The findings of this study provide valuable guidance for managing COVID-19 patients in 

confined areas. 

 

Empirical validation 

This investigation revealed that fluid characteristics and fragmentation behaviour have an impact on 

the transmission and contact phases of various pathogens and host systems [281]. The size, speed, and 

payload of pathogens or contaminants are selected to control the transport, persistence, and infectivity of 

pathogens during transmission between hosts [282]. Short-lived and unstable fluid fragmentation processes 

cause droplets to acquire time-varying features through interfacial instabilities, which are essential for 

assessing the contamination risk and limiting transmission [283]. In contrast, spray droplets have constant 

characteristics and are generated simultaneously [284]. When a drop impacts a target of a similar size, a 2D 

axisymmetric unsteady fragmentation process occurs, involving intricate, interconnected, and spatially and 

temporally changing multiscale nonlinear processes [285]. In subsequent sections, the evolution of the 

sheets and rims as well as the distributions of the droplet size and velocity are discussed [286]. The use of 

experimental techniques, precise feature extraction, tracking, and interfacial flow theory has elucidated the 

instabilities that determine the selection of droplet size and speed distributions in unstable fragmentation 

[287]. 

 

Error estimation 

To accurately predict unstable droplet size and speed distributions, a comprehensive thickness profile 

is necessary along with a deeper understanding of rim dynamics and interconnected ligament-drop systems 

[13]. The thickness is inherently unstable, fluctuates over time, and is determined by the equilibrium 

between the incoming fluid from the expanding sheet and the outgoing fluid supplying the ligaments. A 

study by  [288] showed that the linear stability analysis framework is incapable of depicting changes in the 

unstable thickness of the rim. Studying the behaviour of the unstable rim helps to solve the interconnected 

equations that control the sheet, rim, ligament, and droplets, leading to the ability to forecast the sizes and 

velocities of droplets in a specific 2D unstable fragmentation scenario [289]. The instability of the 

fragmentation process causes the droplet size and speed distributions to skew [290]. However, in the local 

non-inertial reference frame of the moving rim, the distributions are not skewed. [291] demonstrated that 

the droplet size and speed distributions during sheet expansion and retraction were symmetric and closely 

resembled the Gaussian distributions. The skewness of the cumulative distributions is a result of the 

unsteadiness in the sheet expansion, which causes superposition of instantaneous Gaussian distributions 

with time-evolving means [292]. This is crucial for developing a deterministic unified framework for 

researching unsteady fragmentation, which is essential for understanding pathogen contamination, 

emission, dispersal, persistence, and infection in new hosts in the context of disease transmission. 
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Unlike continuous fragmentation, empirical drop size distributions are typically modelled using log-

normal, Poisson, exponential, Weibull-Rosin-Rammler, gamma, and compound gamma distributions [293]. 

These options all focus on measuring the asymmetry in the droplet size [294]. Some of these distributions, 

such as the log-normal and gamma distributions, are based on theoretical physical processes that control 

steady fluid fragmentation, whereas others are empirical curve fits [295]. The droplet generation problem 

can be simplified by isolating the impact of unsteadiness to understand the nonlinear instabilities that 

govern this type of multiscale unsteady fragmentation problem [296]. These problems involve ligament end 

pinching, which results in the creation of one drop at a time [297]. Furthermore, the foundational knowledge 

acquired has implications for several fields where irregular fragmentation is prevalent, including bloodstain 

effect patterns in criminology, medication delivery, product decontamination, and numerous industrial 

operations [298-327].  

 

Conclusions 

 Studying the spread of diseases such as the 1918 flu epidemic, SARS, and COVID-19 is a complex 

and challenging task because of the rapid and unpredictable nature of these epidemics, which makes it 

difficult to test hypotheses and develop effective mitigation strategies. Historically, the transmission phase 

of infectious diseases has received little attention in scientific research. In 2020, they grappled with 

questions similar to those considered during the 1918 flu pandemic and the 2003 SARS outbreak, such as 

determining appropriate distances for social interactions and choosing the most effective masks for different 

situations. Furthermore, there is a limited understanding of the fluid dynamics that influence the spread of 

crop diseases in agricultural fields or the factors that affect food safety after harvesting. These knowledge 

gaps may be attributed to the perception of transmission as a complicated, transitory, and unpredictable 

process lacking a solid mechanical foundation. However, as transmission is a crucial part of a pathogen’s 

life cycle, evolutionary forces favour the development of robust systems for this process. The cornerstone 

of every pandemic is the transfer of pathogens from one host to another. This principle offers a promising 

avenue for the formulation of strategies for managing and controlling the pandemic through medication and 

other means. In the past, controlling diseases such as smallpox, malaria, and typhoids seemed 

insurmountable. Initially, the mosquito theory of malaria was met with ridicule, indifference, envy, and 

rejection, when used to save human lives. Thankfully, the perseverance of many people has led to an 

increased confidence in achieving complete success. Ross and his colleagues introduced the idea of the 

epidemic reproduction number as a critical component in controlling malaria transmission. This approach 

focuses on managing the mosquito population and its interactions with humans, rather than attempting to 

eradicate mosquitoes entirely. Fluid physics play a crucial role in conducting precise quantitative 

measurements and gaining a comprehensive mechanistic understanding of host-to-host transmission. 

Progress can be made in tackling various infectious diseases before drugs or vaccines are developed. 

This study aimed to establish a comprehensive interdisciplinary framework that can be utilised in 

anticipation and planning for pandemics that are likely to persist, reappear unexpectedly, and disappear. 

This framework aims to break down the transmission phase of the life cycle of a pathogen into a range of 

tractable multiscale fluid dynamics problems. These include the turbulent and particle-laden nature of 

exhalations, which shape the pathogen footprint of transmission relevant to respiratory diseases such as 

COVID-19 or influenza; the complex rheology of fluids and their fragmentation; the interplay between 

organisms and fluid phases that affect their dispersal and host-to-host transmission, including the stability 

of thin films to intrusions and the effects of subtle Marangoni flows on contaminated fluids; the fluid-

surface interactions that are important for indoor contamination, agriculture, and food safety applications; 

and the common theme of unsteadiness, which governs the selection of contamination level, droplet size, 

and speed distributions via fragmentation, and shapes the pathogen footprint during transmission. This 

framework considers complex fluid-surface interactions, entangling compliance, surface wetting, and 

contaminant-fluid mixing and fragmentation. It also examines the effects of unsteadiness on the selection 

of the contamination level, droplet size, and speed distribution via fragmentation. This framework considers 

the common theme of unsteadiness, which governs the selection of the contamination level, droplet size, 

and speed distribution via fragmentation. Examples were selected from various healthcare fields to illustrate 

the wide range of fluid-related issues that impact people on a daily basis. Many interesting and numerous 

problems remain unresolved at every stage of infectious disease transmission and control, particularly 

regarding fluid dynamics. The topics covered included the benefits of using masks or innovative porous 

materials for source control, the risk of host invasion through droplet nuclei via the conjunctiva, the 

potential benefits of using face shields in combination with face masks, the impact of environmental 

conditions on indoor and outdoor phase changes, and the consequences of these conditions on transmission 
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and pathogen survival. This study discusses how fluid dynamics related to COVID-19 can influence 

infection control measures; return-to-work strategies; medical procedures; artistic activities involving fluids 

and respiratory flows; hand washing; social distancing in different environments; redesigning indoor spaces 

such as offices, schools, factories, airplanes, or trains; and advancements in surface and air 

decontamination. Precise laboratory experiments and modelling can provide valuable insights for creating 

and confirming customised solutions for natural or artificial ventilation and indoor air management systems. 

These solutions are designed to suit specific space usages, occupancy levels, and durations. Detailed airflow 

patterns, rather than average ventilation rates, play a crucial role in reducing transmission risks. 

Flow heterogeneities have been linked to localised infection clusters because the well-mixed limit of 

ventilation only offers the minimum pathogen dilution level, setting the lowest exposure risk in an indoor 

area. Fluid-based multiscale modelling can help understand pollution and infection risks, guide adaptive 

mitigation techniques, and facilitate the discovery of novel medications targeting crucial pathways in fluid-

based transmission. For example, there is a need for further clarification of the rheology of biological fluids. 

External additives can be used to alter fluid characteristics to decrease a pathogen's attraction to certain 

fluids to adhere to surfaces, whether biological or physical, or diminish the capacity of the fluid to spread 

pathogens. These innovative uses in health and infectious illnesses have led to the exploration of novel fluid 

processes, and have driven the creation of new instruments with broader applicability outside their initial 

health-related contexts. Breakthroughs in image processing techniques have provided key insights into 

unstable fragmentation. These advancements are further supported by theories aimed at understanding the 

transmission of pathogens. The discovery of organisms manipulating surface bubbles for improved water-

to-air dispersal, despite the absence of bacteria affecting surface tension, has enhanced the understanding 

of interfacial film dynamics and the impact of Marangoni flow. This advancement could lead to the 

development of new methods for studying complicated, multiphase, and multiscale transient flows at 

interfaces, with a focus on emerging issues at the junction of fluids and health. In light of the rapid 

development of this new field, it is essential to refine and employ well-established fluid dynamics 

approaches because of their proven track record of minimal error tolerance in critical sectors, such as 

aeronautics and astronautics, where human lives are at stakeholders, and the use of a hollow vortex ring to 

represent violent human exhalations, instead of a point-source turbulent puff, which can result in 

inaccuracies in the range, mixing, and phase-change behaviour of droplets carrying pathogens. This 

approach also fails to accurately capture the pathogen footprint, which is crucial for a precise risk 

assessment. 

High-fidelity numerical tools in frontier areas benefit significantly from validation using high-

precision and rigorous experimental data. Accurate forecasting supported by thorough validation is crucial 

for advancing the subject of the Fluid Dynamics of Disease Transmission and for improving infectious 

disease surveillance, control, and prevention, which are essential for saving lives. The discovery of various 

intriguing processes of interactions between life and physics, such as interfacial, multiphase, and complex 

flows, will provide new opportunities for understanding the ecological or evolutionary limitations that have 

been overlooked because of the uninvestigated fluid dynamics that control the dispersion and transmission 

activities of microorganisms. Understanding these connections will lead to new and fascinating insights 

into the evolutionary forces affecting helpful, neutral, and harmful organisms, and thus, life as a whole. 
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