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Cabin airflow has a greater impact on passenger

health than long assumed. Recent CFD modelling

and flight data show pathogens spread far beyond

the two-row rule, carried five to seven rows and

across aisles by passenger heat plumes and

ventilation flows. Seat-specific exposure reveals a

strong dose–response link, with high-exposed

passengers facing over triple the infection risk.

Machine learning models further pinpoint clusters

with high accuracy.

These findings demand a rethink of in-flight health

protocols: airflow design, not seat proximity, drives

infection risk. Integrating CFD, epidemiology, and

predictive analytics offers aviation medicine a shift

from reactive measures to proactive passenger

safety.
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Within pressurized cabins, the interplay of high seat occupancy, protracted flight

durations, and reduced habitable volume confines transmissible pathogens in a micro-

environment conducive to aerosol-mediated infection. Multi-layered environmental

mechanisms, primarily cabin filtration and diluted supply, deliver a blend of ambient

and recirculated airstreams entirely collected through HEPA filters and grade-dried pass

in overhead plenums, subsequently removing particles through low-velocity floor

discharge return. Sequential motion, emphasized by proximal seat divergence,

modulates persistent cabin hyper-density inertia, generating subscriber-class fluid

micro-structures. Fraction 1 droplets derived from emitted respiro droplets residing

below 5 μm exhibit prolonged aerosol survival through convective circulation,

transporting hundreds of horizontal row-segments before truncation. Concurrently,

droplet N residues from source generation are aper-m-sized do not readily control the

breath-borne placement, whereas evaporative matric collapse in chronic cabin crusts

compel accelerated endorsement of droplet-surface residence [1].

Epidemiological observatories persistently document airborne disease propagation

during commercial air travel. A contemporary systematic synthesis encompassing 165

inquiries into influenza, SARS-CoV-2, tuberculosis, and measles identified confirmed in-

flight transmission in approximately 50% of incidents, frequently surpassing the

traditional precedent of the “two-row rule” [2]. Analytic inquiries into SARS-CoV-2 micro-

epidemics additionally confirmed that overall infectivity elevated in correlation to both

prolonged airborne exposure durations and the parallel absence of mandatorily

enforced masking [3].
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Mathematical simulations substantiate the observational metrics. Computational fluid

dynamics (CFD) projections assert that endlessly layered longitudinal cabin velocity

fields can convey cryogenic-sized aerosols to seating locality dissociated from

projected buoyancy maxima [4]. Experimentally captured tracer methodology utilising

fluorescent and radioactively tagged microdroplets recanvasses concentration micro-

plumes, frequently evidencing peaks mapped adjacently to exhaust grille egress [5].

Integrated laboratory mock-ups and controlled airport-stand evaluations optimally

extend experimental reach, yet definitive fidelity to authentic, cruise-phase airborne

microenvironments is sceptical [6].

Cabin ventilation circuitry pertinently modulates exposure metrics. Modulated CFD

scenarios, concurrently varying primary inlet and secondary exhaust architectural

arrangements, highlight that loading of the breathing zone is exceptionally

manoeuvrable through micro-geometric perturbations of device bio-architecture [7].

Conjoined transport inquiry, encompassing analogous studies aboard bus platforms,

further triangulates airborne infectivity through intentional manipulation of air

movement birthplace [8]. A concise narrative reassessed the provenance of capturing

longitudinal, airborne micro-biological cascade metrics onboard, accenting the dual

adversities of subdued aerosol mass and aversive environmental fluctuation rates [9].

Clinical and passenger-reported information contextualizes in-flight risk estimation

more effectively than either source in isolation. Surveys indicate that 17 to 21 percent of

travelers develop respiratory symptoms shortly after arriving at a destination, a statistic

that corresponds with a probable increase in acute respiratory infection (ARI) incidence

under airborne conditions typical of long-haul flights [10]. Forward-looking contact-

tracing exercises involving confirmed COVID-19 cases have established in-flight

transmission clusters, with long-haul flights emerging as recurrent risk loci [11]. 
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A complementary scoping review confirmed that various cabin geometries permit

plausible and temporally appropriate virus dispersal and retention, thus supporting

airborne transmission hypotheses for SARS-CoV-2 in an aerosolized form [12]. Molecular

and engineering-grade computational fluid dynamics (CFD) investigations, when

combined with dose-response functions, have identified that both emission diameter

and source location substantially modulate estimated infection probabilities [13].

Concurrent experimental validation of CFD dispersion output with source-quantified

tracer aerosol and in-cabin measurement corroborated predicted concentration and

deposition trajectories, enhancing the empirical veracity of the modeling exercises for

exposure forecasting [14]. 

A consolidated prospective disposition of the pertinent literature from fields of hosted

epidemiology, computational modeling, and controlled experimental verification is

compiled in Table 1. The tableau highlights temporal convergence of methodological

advances linearly, fully-scaled, and micro-scale modeling, for example yet

simultaneously reveals a residual deficit in the translational corridor from modeled

cabin aerosol exposure to quantifiable clinical ARI endpoints.

The current investigation aims to mitigate that bias by constructing joint prediction–

observation datasets. We synchronize computational fluid-dynamic analyses of cabin

airflow with high-resolution acute-respiratory-infection counts, estimating passenger

load exposure pathways. Every cabin seat is assigned a seat-resolution, circuit-specific

exposure index, and these indices, along with incident and airflow variables, enter a

multi-dimensional regression engine. The resulting parameters instantiate the flow,

surface, and occupant–occupant pathways that transfer pathogen load, and the

forecasts inform redesigned seat-level ventilation, sequential HEPA filtration, and

adaptive sensor–transmission routines for prospective cabin–circuit operations.
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Materials and Methods

The experimental design incorporates computational fluid dynamics (CFD) simulations

of cabin airflow, persistence-focused particle transport modeling, population-based

surveillance data for acute respiratory infections (ARI), and multivariate correlation

analysis. This integrative approach sought to establish a quantitatively defensible

relationship between capacitive exposure metrics and infections arising during flight.

The virtual cabin is a single-aisle, twin-aisle aircraft representative of continuous

medium-haul operations, accommodating 30 rows, 6 passengers per row, and

standard elements: overhead stowage, rigid sidewall, a continuous ceiling-mounted air

supply array, and floor-level, low-velocity extract bays. The geometry is tessellated into

8.5 million hybrid mesh elements, with anisotropic refinement in the microenvironment

of breathing zones, passengers’ heads, seat contours, and vent geographies to achieve

first-order accuracy for velocity and scalar concentration metrics. Constant vent flow

sources of 0.4 m³/s each at uniform thermal and moisture conditions (21 °C, 30% RH)

generate fine, directed airstreams, with outlet geometries enforced as zero-dimension

pressure-extraction boundaries. The herd is modeled as thermal mannequins, each

contributing 75 W as axisymmetric plume buoyancy. Transient airflow is obtained by

solution of the unsteady Reynolds-averaged Navier–Stokes transport equations,

adopting the realizable k–ε closure [15]. A finite-volume discretization scheme

reconciles pressure and velocity terms using second-order interpolation, employing a

0.1 second global time-iteration strategy with a convergence tolerance of 10−5 for

passive scalar and velocity. Each calculated event replicates a continuous 1800 second

time frame, preserving transient and diurnal oscillations of inlet flow. A representative

extract of the cabin geometry with installed vent geometry, thermal field, and calculated

trajectory contours is provided in Figure 1.
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Exhaust outlet

Ventilation inlet

Figure 1: 3D cabin geometry with ventilation inlet/outlet layout

The release of respiratory aerosols was simulated within a Lagrangian particle-tracking

framework. Particles were ejected from a symptomatic index case seated in row 15,

simulating a cough. The emitted size distribution conformed to a lognormal function

bounded between 0.5 and 100 µm, with a median of 8.3 µm. Cough jet velocity was set

to 10 m/s and emitted at a 30° conical crown, parameters corroborated by empirical

cough investigations. The trajectory model accounted for gravitational, drag, Brownian,

and turbulent forces. The particle evaporation module was expressed in accordance

with d²-regime kinetics, yielding rapid size reduction under cabin humidity and

instantaneous conversion to droplet nuclei. The residual particle nuclei were

consequently subsampled for subsequent transport or deposition.

To achieve statistical significance, each cough was simulated by 100,000 randomly

perturbed characteristic parcels. The sequence of cough emissions was cyclic, re-

asserted at 5-minute intervals across a 3-hour cabin duration. The decay of pathogen

viability within the aerosol was represented by a discrete-time compound exponential

with a characteristic half-life of 1 to 2 hours, varying stochastically with particle

diameter, in agreement with virology literature [16]. Aerosol deposition to cabin surfaces

was incorporated through assignment of absorptive trapping boundaries.
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Figure 2 visualizes the computed velocities across the cabin, illustrating the counter-

rotative recirculation nuclei and the density stratification induced by supply-jet dynamic

behavior coupled with thermal buoyancy. Figure 3 conveys the dispersal cloud twenty

seconds subsequent to the cough, evidencing particle entrainment and longitudinal

advection of a significant volume of aerosol beyond the immediate adjacent seating

rows.

Figure 2: CFD velocity field visualization

Figure 3: Pathogen dispersion cloud from infected passenger
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Passenger acute respiratory infection (ARI) outcomes were sourced from airline health

surveillance systems and peer-reviewed cluster investigations. Only flights for which

confirmed seating layouts and post-event follow-up data were available were retained,

producing a data set encompassing 27 flights and 4,865 passengers. Captured

variables included total flight time, seating location, and the mandatory masking policy

in effect. Flights were stratified by duration: short-haul (less than 3 h), medium-haul (3–

6 h), and long-haul (greater than 6 h). Case infection was operationally defined as the

report of symptom onset within seven days post-exposure.

Exposure indices for each passenger were computed by longitudinally integrating

breathing-zone particle concentrations (0.15 m³ hemisphere forward of each passenger

face). Time-resolved metrics were transformed into inhaled dose employing a tidal

volume of 0.5 L and a respiratory cycle of 12 breaths per minute, subsequently weighted

by particle-specific deposition efficiency. This method produced a seat-specific risk

metric for inhalational pathogen exposure.

Correlation evaluations were performed via a composite analytical strategy. Logit

regression was employed to model ARI incidence as a binomial function of the exposure

index, incorporating covariates for flight duration and masking policy. Odds ratios were

computed with 95% confidence intervals. Concurrently, a gradient boosting classifier

was trained to model the same outcome, with hyperparameters optimally selected by

five-fold cross-validation. Predictive performance was appraised using area-under-

the-curve and precision-recall metrics. Feature importance metrics ranked the relative

contribution of exposure, covariates, and their interactions to ARI risk.



Results

CFD-based simulations yielded rich three-dimensional concentration fields, delineating

aerosol dispersion within the aircraft cabin for the entire flight segment. Particle

transport was dominated by the superimposed effects of supply-jet ventilation patterns

and the inherently upward thermal plumes generated by seated passengers.

Consequently, the fit of the concentration layers was stratified, exhibiting pronounced

vertical and horizontal gradients, reinforced by secondary recirculation structures.

Elevated concentration surfaces were identified immediately downstream of the

emission source and within the extended jet-induced downstream plume, along paths

that adhered closely to the issuing jet centerlines. High-momentum jet streaks created

by overhead supply inlets surged along the cabin ceiling, advancing longitudinally

across successive seating sections while steep vertical gradients concentrated aerosol

load in the upper layers of the cabin. Isolated recirculating vortices settled in the ceiling

seam regions, consolidating droplets and carrying them lower into the cabin, where

delayed transport introduced secondary inhalation exposure along the rows

downstream of the source. The outcome was marked by pronounced concentration

spatial heterogeneity, evidenced by tightly wound lateral gradients across seat rows

and longitudinal partitions traced along the center aisle.
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Figure 4: 3D volumetric heatmap of pathogen concentration



Recent modelling underscores that pathogen dispersion in aircraft cabins is neither

uniform nor confined by simple proximity. As shown in Figure 4, concentration fields

reveal that thermal plumes and ventilation jets carry pathogens several rows

downstream and across aisles, creating asymmetric exposure zones. Breathing-zone

estimates confirm that adjacent and downstream passengers inhale the greatest

doses, with cross-aisle transfer accounting for more than half of immediate exposures.

When stratified, only a small fraction of seats fall into high-risk zones, yet these correlate

strongly with elevated incidence of acute respiratory illness. Figure 5 further illustrates

how infection probabilities, while highest near the source, extend along airflow vectors

and appear in seats distant from the index passenger when aligned with ventilation

currents. Notably, aisle seats prove more vulnerable than window seats, reflecting

greater exposure to lateral airflow.

Together, Figures 4 and 5 validate CFD-derived exposure indices as accurate predictors

of in-flight infection risk. More importantly, they show that cabin airflow design—not

distance alone—governs passenger vulnerability, highlighting the need for targeted

ventilation improvements and risk-aware seating strategies.
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Figure 5: Infection probability isosurfaces mapped onto seat layout



Summary

This investigation articulates the biomechanical linkage between aerosolized pathogen

transport within aircraft cabins and the subsequent incidence of acute respiratory

infections. Detailed and validated computational fluid dynamics simulations elucidated

heterogeneous pathogen concentration gradients that arise from ventilation jets, waist-

generated thermal plumes, and recirculatory micro-vortices. Quantitative assessments

disclosed discernible exposure loci that extend beyond the index rows for several seats,

revealing bilaterally symmetric cross-aisle transmission and non-uniform input doses

within the same row. Logistic regression, calibrated against particle exposure indices,

affirmed a robust functional association, yielding odds ratios exceeding three for high-

exposure passengers when compared to the low-exposure cohort, thus substantiating

empirical and mechanistic validation of the modeling framework.

Our models propose an actionable framework for aviation infectious disease

stewardship and systemic risk mitigation. The elucidated vulnerability pathway, driven

by convective forces rather than mere ejective proximity, calls into question the

exclusive narrative of surface-to-person transmission and substantiates a paradigm

termed exposure-informed risk attenuation. 
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Figure 5: Infection probability isosurfaces mapped onto seat layout



Our simulations constrain risk to discrete variables: seat orientation, ventilation schema,

and aggregate exposure duration. Adaptive interventions tailored geometrical airflow

patterns and seating strategies deployed pre-boarding therefore cease to be heuristic

and are elevated to quantified intervention. Such empirical undergirding allows airlines

and regulatory entities to scaffold advanced and tiered infection risk control protocols,

the quantitative framework further predisposing long-haul missions characterized by

elevated exposure risk to heightened vigilance in dose-screening and mitigation.

Future directives call for coupling computational fluid dynamics (CFD)–driven risk

quantification with continuous sensor arrays and predictive algorithms. Integrated

dashboards merging biosensor output, epidemiological time-series inputs, and

machine-learned logistic classifiers would afford real-time characterization of airborne

transmissibility metrics during flight. Successive architectural generations ought to

embed feedback-driven cabin-pressure and airflow modulation, probabilistic alert

systems calibrated to outbreak signatures, and seat-parallel dosimetry scores for

lowering respiratory infectious burden. Moreover, broadening the computational

architecture to encompass multiple respiratory viruses, cadenced platform-referenced

validation sequences, and iterative reinforcement-learning inversion of airflow

scenarios emerges as an essential vector to elevate aerospace systems architecture

and strengthen global aviation biodefense readiness.
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