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1.0 EXECUTIVE SUMMARY

There is currently a lack of published models or data characterizing airflow movement
within Air Force (AF) cargo aircraft. A better understanding of airflow movement could be used
to identify hot spots where biological aerosols are likely to accumulate, which would inform
sampling strategies to confirm decontamination after an incident. Further, it could be used to
improve strategies for infectious patient transport to mitigate cross-contamination and passenger-
to-passenger disease transmission. In the absence of available data, a set of computational fluid
dynamic (CFD) aerosol transport models were completed to investigate various airflow and
aerosol metrics in a C-130 cabin outfitted for acromedical evacuation (AE).

CFD models were generated and evaluated using a computational continuum mechanics
software package, STAR-CCM+ (Siemens AG, Germany). Airflow in the absence of an aerosol
was simulated first, employing standard ventilation system cabin inlets and outlets. The
simulation revealed transient flow dynamics. To evaluate aerosol transport in transient flow,
100,000 particles in three size ranges (0.1, 1.0, 10 pm) were aerosolized using a published cough
profile at four time points including 1, 41, 81 and 121 s in four distinct models. Simulation
results were investigated in a variety of manners including: air velocity direction from forward to
aft on six cut planes throughout the cabin, randomly sampled particle trajectories, particle
deposition rates, particle deposition patterns and maximum particle velocities.

Model results indicated that cabin airflow exhibited a combination of positive and
negative flow from forward to aft which fluctuated in time. Aerosol movement investigated
using single-particle trajectories revealed low travel distance from the point of expiration. This
occurred due to the aerosol being continually re-entrained into rotating vortices in the flow,
indicating that airflow dominated particle transport. The highest rates of deposition occurred
directly following each expiration; however, the majority of all particles (70% on average)
remained suspended for the duration of each simulation. A smaller percentage cleared the cabin
through the ventilation outlets (23% on average), and only 6% of the particles deposited to cabin
surfaces on average.

Deposition patterns were consistent across all four models in which the surfaces nearest
the expiration experienced the greatest deposition magnitudes. This indicated that regardless of
transient flow physics, the point in time when the particles were released did not strongly impact
particle deposition. Particles adhered to the cabin sidewalls more often than any other surface
(58%) followed by the cargo floor (27%). The 10 pm particles were 1.5 times more likely than
the 0.1 and 1.0 um particles to settle on horizontal surfaces. Finally, deposition rates and
maximum particle velocity correlated, indicating the particles entrained into higher-speed flow
vortices were less likely to deposit or settle on a surface.

The results of this study demonstrate a proof-of-concept simulation for the distribution of
aerosols of biologically relevant size and density aboard a military cargo aircraft. Several of the
observations agree with published results in civilian passenger aircraft mock-up simulations,
including the dominance of bulk airflow on particle transport for small particles (< 10 microns)
and the effect of increased airflow velocity resulting in decreased particle deposition for particles
in this same size range. However, the airflow patterns themselves are unique in military aircraft
compared to civilian aircraft. Therefore, follow-on studies are required to validate computational
predictions. Validated computational models of airflow in AF cargo aircraft will be invaluable
for guiding bioaerosol sampling methodologies and AE infectious patient transport strategies.

1
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2.0 INTRODUCTION

Airflow patterns and bioaerosol transport aboard aircraft are important to understand due
to the role they play in disease transmission. In both commercial and military aviation
applications, large numbers of passengers are transported in a confined compartment while
seated in close proximity for many hours at a time. In civilian aircraft, the expirations from sick
and infectious passengers have been shown to form a pathogen-containing mist which has been
predicted to travel for prolonged periods through air currents, providing the recurrent opportunity
for nearby passenger inhalation (Gupta et al., 2010). This phenomenon is of particular interest to
the AF AE community due to their primary mission to provide medical care, support, treatment,
staging and transport of sick and infected patients.

Wet microorganism-bearing droplet acrosols can be generated from a range of expiration
events, including coughing, sneezing, breathing and talking (Fernstrom and Goldblatt, 2013;
Stelzer-Braid, 2009). These wet droplets and droplet nuclei vary in size from < 1.0 up to 1000
pm (Chao et al., 2009; Fabian et al., 2008; Lindsley et al., 2010; Morawska et al., 2009). The
transport properties of droplets and droplet nuclei in indoor environments depend on
aerodynamic diameter and local airflows (Morawska, 2006). Droplets and droplet nuclei < 20 pm
have been shown to travel for prolonged periods of time in airflows, so are of particular interest
in regards to disease transmission.

Airborne droplet concentration is a key factor in the number of susceptible people in a
given space and increases when the aerosol generation rate is high and air exchange rates are low
(Nardell, 1990). Aerosol generation rate has the potential to be extremely high in an AE scenario
where up to 74 infected patients are being transported at once (Crowhurst, 2011). Higher air
exchange rates are generally recommended to remove infectious biological aerosols for cases
with infectious patients. For instance, it is recommended that hospital isolation rooms of patients
with active tuberculosis receive > 12 air exchanges per hour (for new construction since 2001)
compared to a normal home environment which is generally between zero and two (CDC, 2005;
Frankel et al., 2012). Air exchange rates aboard aircraft vary widely with manufacturer, ranging
from 6 to 26 exchanges per hour (Withers, 2000; Hocking, 1998). As such, proper confidence in
ventilation efficiency and air exchange rate is on an airframe-to-airframe basis and has spurred
many investigative studies, primarily in commercial applications.

The common flow structure in commercial passenger transport aircraft consists of two
counter-rotating vortices running the length of the aircraft (Elmaghraby et al., 2018). The aircraft
ventilation systems includes inlets at the top of the cabin and flow outlets near the passengers'
feet under the window seats, both running the length of the cabin. This design is common due to
the flow effect which ideally limits the row-to-row air transport, keeping flow in the same
aircraft cross-section for its duration in the cabin. It should be noted that military aircraft used for
AE such as the C-130 do not employ the same ventilation system design considerations as the
passenger seats and patient stretchers are designed to be easily reconfigured based on mission
requirements (Crowhurst, 2011).

Experimental investigation of particle movement throughout commercial airframes have
been performed to investigate particle flow using a combination of particle image velocimetry,
interferometric mie imaging and direct measurement through airborne particle counters and
sizers (Sze To et al., 2009; Zhai et al., 2014). Sze To et al. (2009) conducted a comprehensive
study using particle image velocimetry and interferometric mie imaging to investigate airflow
effect on cough particle dispersion and deposition in a Boeing 767 mockup, concluding that an

2
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aerosol emitted from a passenger located near the sidewall of an aircraft could reach the
breathing zone of passengers two rows away within 30 s. This indicated the counter-rotating
vortex ventilation design was efficient, but not perfect. Further, the study showed that up to 70%
of the aerosol mass was deposited suggesting a further avenue for direct disease transmission
through physical contact. A similar experimental study examined the effect of ventilation system
parameters on particle concentrations in cabin air supply and return during nine 737 flights (Zhai
et al., 2014). Air exchange rates were analyzed in concurrence with measured particle size from
human emission in which results indicated deposition occurred little for particles smaller than 5.0
um, and air exchange rate and human emission rate had the strongest impact on suspended
particles smaller than 2.0 pm.

In addition to experimental studies, numerical models have been developed focused
directly on expiratory aerosols and their associated infection risk (Wan et al., 2009; Gupta et al.,
2010). Wan et al. (2009) used a Lagrangian-based numerical model in an aircraft cabin mockup
to show that aerosol deposition fraction increased with aerodynamic diameter, and passengers
were two orders of magnitude more likely to be subject to contact risks when sitting within one
row of the location of aerosol expiration. In similar work, exhaled droplet dispersion was
simulated in a seven-row section of a twin-isle aircraft (Gupta et al., 2010). Results showed that
droplet movement was governed by bulk airflow after the initial discharge and droplets followed
similar trajectories independent of discharge time, indicating that suspended particles from
different discharges could accumulate in the same flow structures with periodic exhalations.

Additional studies exhibiting similar results have been conducted using a combination of
experimental and numerical techniques used in parallel, ensuring validated numerical results.
Gupta et al. (2011a, 2011b) conducted a series of comprehensive studies in which expiratory
droplet aerosolization, their subsequent inhalation by nearby passengers and the resulting
airborne risk of infection was investigated. Three expiratory events were simulated using the
methods including breathing, coughing and talking, with uniform aerosol droplet sizes of 0.4, 8.5
and 30 um, respectively. Results indicated that expiration aerosol movement was initially
governed by the cough jet and subsequently by the bulk cabin flow. Further, assuming the
particles were perfectly mixed after three minutes resulted in a numerical/analytical correlation
with less than 10% difference.

The use of these aforementioned experimental methods and computational simulations
have yet to be applied to characterize airflow and aerosol transport in military aircraft designed
for AE, such as the C-130 (see Fig. 1A). While the results from commercial studies can be useful
in gaining insight into what may be happening in military aircraft, there are distinct differences
that warrant further investigation. For example, commercial passenger aircraft are generally
designed with many rows of stationary seats which create a natural flow buffer, creating a
scenario in which passengers are for the most part only exposed to exhalations of the passengers
sitting within a few rows. On the contrary, military cargo aircraft outfitted for AE are designed
with several stanchions that hold litters for patients with no natural barriers blocking flow from
moving in the positive and negative forward to aft directions. Further, passengers are often lying
flat in a recumbent position in contrast to being seated, and other cargo such as patient support
palates can be variably assembled, dependent on operational needs (Fig 1B) (Crowhurst, 2011).
The ventilation systems in military aircraft are not designed specifically for low flow movement
and as such, these differences have the potential to play a large role in how expiratory aerosols
are transported.

3
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Figure 1 — C-130 exterior nd interior
A. C-130 airframe (photo credit — U.S. Air Force, 2013);
B. Typical AE litter format and spacing (photo credit — U.S. Air Force, 2011).

In the present study, CFD was used to model air flow and aerosol transport and fate in a
mock military aircraft cabin modelled after the C-130 Hercules (Fig. 1). The aircraft cabin
geometry was generated using a combination of laser-scanning techniques and computer aided
design. Particles in the size range 0.1, 1.0 and 10 um were aerosolized using a previously
published cough profile in four distinct models where particles were released at four different
time points including 1, 41, 81 and 121 s. The simulation output was investigated to evaluate the
effect of particle release time on transport and fate in the aircraft cabin. Results will be validated
in follow-on studies. Ultimately, validated computational models of military cargo aircraft will
be useful for designing biological agent sampling and decontamination strategies and updating
guidance for infectious patient transport operating procedures.

3.0 METHODS

3.1 Domain Geometry

The domain geometry was developed using a combination of laser scanning technologies
and computer aided design (CAD) software. A portable laser scanner (Faro Focus M70, FARO
Technologies, Lake Mary, FL) was employed to capture a point cloud within a C-130H used for
AE training. The device contains a laser with a combination of motors and a spinning mirror to
capture 360-degree line-of-sight geometry data on two rotational axes, resulting in a three-
dimensional point cloud of the surrounding volume. Additional sensor data included an
inclinometer, compass, altimeter and GPS which aided in the multi-scan registration process post
collection. Sixteen unique scans at varying locations throughout the cabin were collected using a
standard indoor laser profile. The laser scanner output from each scan was processed and
registered to a single point cloud in the corresponding software, SCENE Version 2018.0.0.648
(FARO Technologies, Lake Mary, FL). Registration resulted in a point cloud with maximum
point error being less than 19 mm and mean point error being less than 7.5 mm, indicating that
the combination of scans was accurate (see Appendix A).

Geometric dimensions were then derived using the point cloud developed from the scan
in order to generate a CAD file of the C-130H cabin in Solidworks 2018 (Dassault Systems,
France). The CAD file consisted of a combination of surfacing functions including surface-
extrude, surface-trim, surface-plane and surface-knit. The point cloud was used to take virtual
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measurements of the domain and create an analogous solid model. The length of the cabin
including the flight deck, cargo door and cargo bay measured nearly 79 ft, the width of the cabin
measured slightly greater than 13 ft, and the height measured nearly 12 ft, which correlates well
with expected measurements (Lockheed Martin). Detailed measurements were gathered from the
point cloud for the ventilation system inlets and applied in the CAD development. Intricate detail
such as the bulkheads, wiring and storage compartments were disregarded and assumed to have
little effect on CFD results. The “hell hole”, which is a space underneath the flight deck, was not
included in the cabin volume. Ten identical patient and litter geometries were added to the cabin
volume in two columns of five patients distributed throughout the cabin at approximately hip-
height to represent an AE-4 scenario based on the Air Force Instruction 11-2AE Volume 3,
Addenda-A (Crowhurst, 2011).

The Solidworks CAD model was exported as a Parasolid binary file (.x_b), a geometric
modeling kernel owned and licensed by Siemens Product Lifecycle Management, which allowed
the file to be ported as Parts and Surfaces into CFD software (STAR-CCM+, Siemens AG,
Germany). The single cabin Part was subsequently split into Surfaces including the cargo door,
cargo bay floor, ventilation inlets and outlets and main fuselage to make boundary condition
application and locational particle deposition investigation possible. Similarly, each of the
patient Parts were split into two Surfaces including the patient and litter. The root Part meshes
were then repaired for self-intersection, invalid geometry, overlapping entities, topology errors
and non-manifold geometry in an effort to create the single airtight volume necessary for CFD.
Three views of the completed Part file can be seen in Figure 2.

A. Top View

B. Side View C. Front View

Figure 2 — Finalized CAD model of the cabin geometry from three perspectives
A. Top; B. Side; C. Forward.

3.2 Boundary Conditions

A total of eighteen oblong shaped ventilation inlets spanned the length of the cargo bay at
regular intervals along the ceiling of the cabin (Fig 3A). These inlets were 1.7 ft long and 0.25 ft
wide. Five ventilation inlets were dispersed throughout the flight deck and were of dimensions
0.42 ft wide and 0.25 ft tall (Fig 3B). Airflow was assumed to enter the cabin through the
twenty-three inlets perpendicularly to their surface at a total mass flow rate of 160 Ib/min which
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correlated to a complete air exchange every 99.3 s. The mass flow rate value was provided as an
estimate by the AC-130J System Program Office. Airflow was assumed to exit the cabin at a
comparable flow rate through seven vents along the fuselage (Fig 3C).

B

—u Avionics Panel, Flight Displays -

ECS Ducting ‘ Center Right

A Console Console
-
-

Patients

Figure 3 — Ventilation system boundary conditions throughout the aircraft
A. Overhead ventilation inlets in the cargo bay; B. Ventilation outlets; C. Ventilation inlets in the flight deck.
*ECS = Environmental Control System

3.3 Computational Grid

The cabin volume was discretized employing polyhedral mesh elements in a uniform
manner throughout (Fig 4A). A polyhedral mesh shape was employed due to its affinity for
resolving recirculating flows accurately. This cell shape has significantly more neighboring cells
than hexahedral or tetrahedral elements, so gradients can be much better approximated using
linear shape functions and information from neighboring cells even with a smaller total cell
count. The single downside being that more neighboring cells requires more storage during
compute operations.

A prism layer model was used in conjunction with the core polyhedral mesh to ensure
flow resolution near the surfaces was accurate, a critical step when predicting aerosol
accumulation patterns on surfaces (Fig 4B). Orthogonal prismatic cells were generated on all
cabin, patient and litter surfaces excluding the boundary condition inlets and outlets. As velocity
and temperature gradients are much steeper in the viscous sublayer of a turbulent boundary layer,
such a method ensures proper wall treatment, a set of assumptions for accurately approximating
near-wall turbulent production, dissipation and shear stress. These cells provide higher near-wall
density as well as high aspect ratio cells which results in better cross-stream resolution and
numerical diffusion reduction near the wall, a discretization error that smears discontinuities and
steep gradients in a finite volume advection scheme.
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Figure 4 — Computtional mesh near the patients
A. 3d representation of the mesh surrounding a patient and litter; B. 2d view showing a patient face with
prism layers along its surface.

The total cell count used for all simulations was 10.3M. The mesh operation employed surface
repair and re-mesher in addition to the polyhedral and prism layer meshers. Element reference
length, the initial size constraint for a single element, was 0.09 ft. Five prism layers with a 1.5
stretch ratio and a total thickness of 0.033 ft were generated on all physical surfaces. A custom
surface size constraint of 0.01 ft was implemented on all inlet and outlet boundary conditions in
order to ensure high-fidelity upon flow onset (Figs SA and 5B). The surface growth rate ratio
was 1.25 throughout. Cell quality remediation and proximity interpolation were employed to
ensure mesh quality.

',;" ; ":{ ;

[ PO RS h
N

Figure 5 — Computational mesh at ventilation inlet and outlet boundary condition locations

A. 3d representation of extra refinement on inlet boundary conditions; B. 3d representation of extra
refinement on an outlet boundary condition.

3.4 Physics Setup and Solvers

All simulations employed an implicit unsteady Reynolds Averaged Navier-Stokes
scheme with a 0.05 s time-step and a first-order temporal discretization. The gas was treated as
ideal and as such the segregated (uncoupled) flow solver was used, meaning the link between
mass and momentum was achieved through a predictor-corrector approach. Segregated solvers
have roots in constant-density flows. A shear stress transport (SST Menter) K-Omega turbulence
model was used, in which two transport equations were solved for turbulent kinetic energy (k)
and specific dissipation rate (omega) for turbulent eddy viscosity. Gravity was set to 32.2 ft/s in
the direction of the aircraft floor.
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Aerosol physics was predicted using a Lagrangian Multiphase model. Multiphase models
are used to simulate scenarios where a mixture of phases are present simultaneously in the same
fluid domain (i.e. aerosol and air). Aerosols of three different acrodynamic diameters were
included in the simulation and treated as three unique phases. The aerosol was treated as material
(not massless) spherical particles with a Schiller-Naumann drag force coefficient. Specific
aerosol metrics that were stored during computation for post-processing included: track files for
single particle position and velocity in time, boundary sampling and parcel depletion to evaluate
escaped particle numbers and residence time for particle duration in the domain. Particles were
modeled as liquid with a constant density material property of water (62.3 Ib./ft*), meaning the
particles with larger acrodynamic diameter had a larger mass. An assumption was made that
particle-particle interaction would be insignificant to bulk deposition and accumulation patterns.

3.5 Study Design

Preliminary simulations focusing only on airflow physics (no aerosols) showed unsteady
flow structure undulation throughout the cabin. In order to investigate the effect of the flow's
temporal variation, undulation and direction on aerosol residence time and deposition patterns,
four distinct models were executed with identical geometry, boundary conditions and aerosol
physics. The single difference between the four models was the point in time at which the 1.2's
particle expiration occurred. The expirations occurred at 1 s, 41 s, 81 s and 121 s in models 1, 2,
3 and 4, respectively.

The particles were injected a single time per model using a common human cough pattern
in which the flow rapidly peaked after approximately 0.2 s and trailed off over a period of 1 s
(Fig. 6). The cough profile exhibited a total volume of 4.16 L, a peak velocity of 33.5 ft/s and a
peak flow rate of 11.1 L/s to represent realistic conditions as measured by Lindsley and
colleagues (2013).

12
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Figure 6 — Cough profile for particle injections
Data plotted from source — Lindsley et al. 2013.
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Exhalation injections, directed towards the aircraft aft, occurred along the centerline of
the aircraft at a location 3 ft from the forward bulkhead at a height of 5 ft. Exhalation injections
into the simulation occurred at 1, 41, 81 and 121 s for models 1, 2, 3 and 4, respectively.
Injection times were chosen accounting for the time in which planned validation devices require
to generate the pseudo cough. Each injection included a phase for each of the three acrodynamic
diameters (0.1 pm, 1.0 um, 10 pm) with particle counts of 33,333 for each phase. These three
diameters were chosen because they are within the size range of greatest concern in disease
transmission. Particulate parameters included a no bounce, stick wall interaction condition to
simulate wet droplet deposition and adherence in which it was assumed no re-aerosolization
occurred. Droplet density was 62.28 1b/ft’, equivalent to water. Particle indices and tracks were
visualized within STAR CCM+ software.

4.0 RESULTS
4.1 Unsteady Flow Structures

Flow was investigated and visualized on six planes throughout the aircraft cabin, with the
majority being concentrated at locations near the forward bulk head surrounding the location in
which particles were injected. Cut planes 1-5 were parallel to the forward bulkhead and occurred
at 2 ft increments (Fig. 7). Cut plane 6 was perpendicular to the forward bulkhead and bisected
the airframe. Flow was primarily investigated on these planes for positive forward to aft velocity
magnitude and direction, in this case the k component of the velocity vector magnitude. Three-
component (i, j, k) velocity magnitudes were in the 5.0 ft/ range with the bulk of that in the -1
(top to bottom) direction.

12345

Figure 7 — Derived surface parts used to visualize flow

Four 12 s blocks of time starting 9-19 s after the expiration event for each of the four
models were scrutinized due to their association with high frequency particle deposition. Initial
investigation of the 12 s time block in model 1 (20 s to 32 s) in 4 s increments on plane 6 showed
the vast majority of the flow moving from forward to aft (Fig. 8, positive flow, red) at a
magnitude between 0.0 and 0.5 ft/s; however, it was common for localized occurrences of k-
component flow moving from aft to forward (Fig. 8, negative flow, blue) at similar magnitudes.
The center portion of the cargo bay, starting at Plane 5 and continuing past the patients towards
the aircraft aft, exhibited the highest magnitudes of positive flow throughout the 180 s
simulations. Flow was most commonly in the negative direction (aft to forward) in the 9 ft span
starting from the forward bulkhead. Patients and their litters seemed to have minimal immediate
effect on bulk flow development.
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The flight deck proved to exhibit a combination of positive, stagnant and negative flow
with the majority of the positive flow resulting directly from the ventilation inlets. Negative flow
occurred consistently near the ceiling of the flight deck. Flow was nearly stagnant in a large
portion of the volume surrounding the cargo door. General trends in positive and negative flow
along plane 6 were carried throughout the entirety of the 180 s simulations for each of the four
models. Similar snapshots for 12 s time blocks for models 2, 3 and 4 beginning at 50, 90 and 130
s, respectively are included in Appendix B (Figs. B1-B3).

A 20s o -

- o

@—— Particle release location and direction

Figure 8 — Air velocity in forward to aft direction on plane 6 in model 1 at four time points
A. Flow at 20 s snapshot; B. Flow at 24 s snapshot; C. Flow at 28 s snapshot; D. Flow at 32 s snapshot.

Planes 1-5 showed similar results along cut planes perpendicular to plane 6 and parallel
to the forward bulkhead (Fig. 9). Flow was perceived to exhibit transient flow structures in a
combination of positive and negative flow. Flow direction variation was high in all temporal and
locational snapshots, however negative flow was more commonly observed at the center of
planes 1-5 and along the floor of the aircraft whereas positive flow occurred around the
perimeter of the same cut planes.

Plane 1 showed the least temporal variation of the five planes with consistent positive
flow at the side walls, negative flow near the cargo floor and a mix of positive and negative near-
stagnation flow in the center of the geometry (Fig 9). A section along the upper portion of the
left sidewall of plane 2 showed constant positive flow. Solutions on plane 3 exhibited similar
tendencies with highly negative flow near the center of the geometry at 28 and 32 s; however, in
contrast to plane 2, the flow direction on the section along the upper portion of the left sidewall
was negative. Counter-rotating vortices developed on plane 3 with flow originating from the
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overhead inlets and circling back to the top along the aircraft sidewalls. Plane 4 showed positive
flow between the ventilation inlet jets with the exception of a periodic negative gust just over the
patient litters which developed at 20 s and shed just after 24 s. Plane 5 showed the most variation
in flow direction, nearing the point (approximately 9 ft from the forward bulkhead) at which the
flow was highly negative dominated to highly positive dominated. Similar snapshots for 12 s
time blocks for all four models on each plane (1-5) are included in Appendix B (Figs. B4-BS).

20s 24s 28s 32s
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Figure 9 — Air velocity in forward to aft direction on planes 1-5 in model 1 at four time points

4.2 Particle Tracing

All of the approximately 100,000 particles per expiration were tracked while airborne
throughout the entirety of the simulations. For the sake of clarity, twenty particles were sampled
at random per expiration, for each of the three aerodynamic diameters (a total of 240 particles)
and their track “tails” were mapped and visualized (Fig 10). Results suggested generally low
particle travel distance between the point of injection into the model and the point of deposition.
With the exception of a handful of distinct cases, the particles were injected and remained in the
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9 ft span near the forward bulkhead where they either were continually re-entrained into the
counter-rotating vortices around the side walls of the cabin or deposited onto a nearby surface. It
should be noted that 0.1 pm and 1.0 um particles were more likely to flow into the flight deck
(Figs 10A and 10B). This was most likely due to their movement being dominated by airflow
rather than gravitational forces. It was uncommon for all of the sizes and release times for
particles to be transferred to the aircraft aft.

A.0.1p

1 Second 41 Second &1 Second 121 Second

Figure 10 — Particle position tracking visualization
A. 20 x 0.1 pm particle tails for each of the release times; B. 20 x 1.0 pm particle tails for each of the release
times; C. 20 x 10 pm particle tails for each of the release times.

4.3 Suspended Particle Velocity

While suspended, maximum particle velocity was recorded throughout the simulations.
Results showed an initial 5-10 s period in all four simulations in which the expired particles
briefly moved slowly, in the 0-5 ft/s range. As the particles began to disperse, they were
entrained into the flow plumes originating from the overhead ventilation inlets in which they
were accelerated sporadically to velocities as high as 41 ft/s (Figs 11A-D). Subsequently, the
particles were pushed to vortices with lesser energy, and the maximum velocity leveled out at a
magnitude of 20 ft/s.

Small discrepancies occurred between each expiration in the length of time in which the
particles were continually re-energized. For instance, the predominant time period in which
particles were re-energized for model 1 (1 s expiration) was between 20 s to 50 s, a 30 s duration
(Fig 11A). Results were similar for models 2 and 4 (41 s and 121 s expiration) (Fig 11B, D).
Results differed for model 3 (81 s expiration) as particles were energized for a much longer
duration, from 90 s to 150 s, for a total of 60 s (Fig 11C).
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Figure 11 — Maximum particle velocity (Vmax) in time
A. Model 1 (1 s expiration); B. Model 2 (41 s expiration); C. Model 3 (81 s expiration); D. Model 4 (121 s
expiration)

4.4 Particle Deposition

The approximately 100,000 particles per cough expiration were tracked for deposition
and fate metrics throughout the 180 s simulations. At the 180 s mark, particles were located in
one of three fates: still airborne, deposited to a surface or escaped through the ventilation outlets.
All tracking plots followed the trend of initial expiration, brief suspension time before any
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depositing or escaping, deposition and escape acceleration and an asymptotic approach to a
single value (Fig 12).
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Figure 12 — Number of airborne particles suspended in the simulation over time

In each of the four models, the airborne particle count jumped from 0 to 33,333 per size
per release over a period of 1.2 s. Subsequently, the particles were suspended for between 4 and
20 s before beginning to deposit or escape the domain. The longest residence time prior to
particle deposit or escape occurred in model 1 (1 s expiration) for nearly 20 s, while the shortest
was for 4 s in model 2 (41 s expiration). The residence time in models 3 (81 s expiration) and 4
(121 s expiration) was about 8 s prior to the initiation of any deposition or escape. Particle size
had little effect on deposition and escape rates. The asymptotic decrease in airborne particle
trends were similar in all four models; however, model 3 (81 s expiration) stood out as having
the slowest rate of deposition and ultimate fate as well as approaching the highest asymptotic
magnitude of all the cases, indicating it experienced the fewest deposited and escaped particles.

Particle numbers for each of the three fates (airborne, deposited and escaped) were
investigated 50 s post initial deposition. The majority of particles remained suspended at the 50 s
mark, followed by numbers of escaped and deposited. The average number of particles across all
four models that remained suspended, deposited or escaped was 23,443 (70.3%), 2,085 (6.3%)
and 7,805 (23.4%), respectively (Table 1). Values were very similar when scrutinizing the results
from aerodynamic particle sizes discretely. The 0.1 um particle averages were 23,377 (70.1%)
suspended, 2,032 (6.1%) deposited and 7,924 (23.8%) escaped. The 1.0 um particle averages
were 23,380 (70.2%) suspended, 2,045 (6.1%) deposited and 7,908 (23.7%) escaped. The 10 pm
particle averages were 23,573 (70.7%) suspended, 2,178 (6.5%) deposited and 7,582 (22.8%)
escaped.

In all four models, the 10 micron size particles exhibited the highest deposition.
However, the differences were relatively small. The total number of deposited particles per size
were comparable for all cases, with the lowest being 1,710 and the highest being 2,396.

14

DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited. Cleared, 88PA, Case # 88ABW-2019-6168, 30 Dec 19



Table 1 — Particle Fate S0 Seconds Post Initial Deposition

Expiration | Particle | Airborne | Deposited | Escaped

Size

0.1p 22390 2071 8872

ls 1.0p 22400 2055 8878

10p 22710 2168 8455

0.1p 22830 2120 8383

41s 1.0p 22540 2116 8677

10p 23370 2244 7719

0.1pn 25850 2227 5256

81s 1.0p 26010 2288 5035

10p 25800 2396 5137

0.1p 22440 1710 9183

121s 1.0p 22570 1722 9041

10p 22410 1904 9019

Particles which adhered to the aircraft surfaces were further inspected for locational
variation (Fig. 13). A total of 25,021 of the near 400,000 (6.3%) particles deposited throughout
all four simulations. Particles deposited on beds 1-8 along with the flight deck floor and cargo
door made up an extremely small fraction of the total 25,021 deposited particles (<1%). Particles
adhered to the sidewalls more often than any other surface at 14,579 (58.3%), followed by the
cargo floor at 6,719 (26.9%) and cargo rails at 2,214 (8.8%). The two litters closest to the point
of expiration experienced the most deposited particles of the litters at 1,345 (5.4%). It should be
noted that less than 60 particles (<0.2%) were found to deposit in the flight deck. Subtle trends
occurred related to particle size, namely the frequency at which larger particles deposited on the
horizontal surfaces and the smaller particles adhered to the sidewalls. In all cases, a slightly
higher number of 10 um particles deposited compared to the 0.1 um and 1.0 pum sizes.
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Figure 13 — Number of particles which adhered to each surface of interest

5.0 DISCUSSION

A series of four simulations were completed aboard a virtual C-130 in which 100,000
particles of three size ranges (0.1, 1.0 and 10 pm) were aerosolized using a standard cough
profile at four different expiration times at 1, 41, 81 and 121 s. The typical CFD tool-chain was
executed in which a C-130 cabin geometry was generated using laser scanning techniques,
followed by volume meshing using polyhedral elements and physics application. A Reynolds-
Averaged-Navier-Stokes with Lagrangian Multiphase scheme, 0.05 s time-step and first-order
temporal discretization was used to resolve flow structures of air treated as an ideal gas.

Simulation results were investigated in a variety of manners including: air velocity
direction and magnitude on six cut planes throughout the cabin, randomly sampled particle
trajectories and their tails, single particle maximum velocities, particle deposition rates and
particle locational binning. All investigations were in the transient state.
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Air velocity investigation proved the flow to be unsteady with constant shedding,
specifically in the 9 ft section of the cargo bay nearest the forward bulkhead (see Fig 8). Counter-
rotating vortices developed and shed seemingly at random, originating at the ventilation inlets,
traveling to the floor and turning direction to move upwards along the sidewalls (see Fig 9).
Follow-on studies to further understand the flow dynamics require improved knowledge of the
ventilation system design, as well as experimental validation.

Results showed that particles generally exhibited low travel distance from the point of
expiration, which suggests that the location at which the particles are released into the aircraft
cabin will play a strong role in their fate. Particle transport was dominated by the airflow
physics, as none of the particles followed a ballistic trajectory in line with the simulated cough
direction. Particles were quickly entrained into the velocity streams and dispersed near the point
of release (see Fig. 10). Gupta et al. (2011a) also observed that airflow in a mockup commercial
aircraft cabin was transient and dominated aerosol transport for 8.5 micron particles.

The time it took for the particles to become entrained into velocity streams varied from
20 to 60 s (see Fig. 11). The 60 s lag time corresponded to the third simulation where particles
were released at 81 s (see Fig. 11C). Incidentally, this coincided with having the slowest rate of
deposition and clearance and fewest deposited and escaped particles (see Fig. 12; Table 1,
column 5). Therefore, slower deposition rates correlated to maximum particle velocity,
indicating the particles entrained into higher-speed flow vortices were less likely to deposit or
settle on a surface. A similar result was reported by Wan et al. (2009) in a computational study of
bioaerosols in a mock aircraft cabin where small particles (< 28 microns) primarily remained
entrained in airflow and particle deposition decreased with increased airflow velocity.

After the initial deposition period, airborne particles approached an asymptotic value,
indicating the potential for significant accumulation and airborne superposition of suspended
particles with recurring expiration events. These results are in agreement with work completed
by Gupta et al. which concluded that droplet movement was governed by bulk airflow after the
discharge and droplets followed similar trajectories independent of discharge time (Gupta et al.,
2011a).

Particle fate for each of the three particle sizes varied minimally in each of the four
models (see Table 1). This indicates that unsteady flow eddies affected overall fate minimally.
The majority of all particles (70.3% on average) remained suspended for the duration of the
simulations, while a smaller percentage escaped through the ventilation outlets (23.4% on
average). Only 6.3% of the particles deposited to cabin surfaces on average. These results were
consistent with previous studies, which have shown that small droplet nuclei (< 20 um) can
remain suspended in air currents for prolonged periods of time (Morawska, 2006).

Deposition patterns were consistent across all the expiration events in which the surfaces
nearest the expiration experienced the greatest deposition magnitudes (see Fig. 13). Particles
adhered to the cabin sidewalls more often than any other surface (58.3%) followed by the cargo
floor (26.9%). The 10.0 pm particles were 1.46 times more likely than the 0.1 and 1.0 um
particles to settle on horizontal surfaces, while 0.1 to 1.0 pum particles were 1.12 times more
likely to adhere to the sidewalls and patients, which is in agreement with a study completed by
Wan et al. (2009) in which the results suggested that aerosol deposition fraction increased with
aerodynamic diameter. This result is expected due to the greater gravitational influence for larger
particles.
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6.0 CONCLUSIONS AND FUTURE WORK

In conclusion, a preliminary numerical study showed the viability of using Lagrangian
Multiphase simulation techniques to predict bioaerosol transport, residence time, deposition and
clearance aboard a military cargo aircraft. The study demonstrated a proof-of-concept approach
for investigating the correlation between airflow mechanics and aerosol distribution based on
CFD output. These findings show that ventilation flow patterns were favorable to keep aerosols
suspended for an extended duration. Infection risk due to inhalation of suspended
microorganism-bearing droplets between 0.1 and 10 pm was 10 times higher than the risk due to
surface contact. Further, after the initial deposition period, airborne particles approached an
asymptotic value, indicating the potential for significant accumulation and superposition of
suspended particles with recurring expiration events. Based on the results of this preliminary
study, decontamination and sampling procedures should focus on the vicinity in which the
infected passenger was located, primarily on the sidewalls.

Plans to validate this work are in place and will be executed via sampling methods aboard
operational C-130 aircraft. Polystyrene latex spheres of different biologically-relevant size
distributions will be aerosolized using parameters to best mimic real-world conditions. Aerosol
samplers (i.e., active and passive samplers), such as the Instantaneous Biological Analyzer and
Collector (IBAC), passive deposition filters, three-button aerosol samplers and nanoparticle
detectors will be employed throughout the aircraft. The simulation setup will be recreated during
flight in which an aerosol will be generated and released near the forward bulkhead and tracked
using the active and passive sampling methods previously stated. Computational and
experimental results will be compared to instigate further improvement on model accuracy.
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ABBREVIATIONS

AE Aeromedical Evacuation

AF Air Force

CAD Computer Aided Design

CFD Computational Fluid Dynamics
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APPENDIX A

Faro Scan Results

Top-down view of C-130H point cloud showing scan locations as blue dots. Note the number of
scans required for proper flight deck resolution. 16 point-cloud scans were registered to a single,
comprehensive geometry of the C-130H cabin, including the cargo bay and flight deck. The
point cloud was used to take virtual measurements of the domain and create and analogous solid
model.

Figure A1 — C-130 point cloud scan locations

Figure A2 — Fully registered software-generated C-130H point cloud
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APPENDIX B.

Air Velocity from Forward to Aft on Investigation Planes throughout the Aircraft Cabin

Airflow dynamics were scrutinized at four time points 4 s apart starting at 9-19 s after the initial
particle release in each of the four models due to the association of this time period with high
frequency particle deposition. When visualized on plane 6 (see Fig. 7 for definition), the first
model (particle release at 1 s) showed much of the air flowing from forward to aft (positive flow,
red) at a magnitude between 0.0 and 0.5 ft/s near the mid-section of the aircraft and negative
flow (blue) near the bulkhead (see Fig. 8). This result was also observed in the other three
models where particles were released at 41 s, 81 s and 121 s (Fig. B1-3).
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Figure B1 — Air velocity in forward to aft direction on plane 6 in model 2
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Figure B2 — Air velocity in forward to aft direction on plane 6 in model 3
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Figure B3 — Air velocity in forward to aft direction on plane 6 in model 4
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Planes 1-5 showed similar results along cut planes perpendicular to plane 6 and parallel to the
forward bulkhead (summarized in Fig. 9). Flow was perceived to exhibit transient flow structures
in a combination of positive and negative flow in the forward to aft direction. Flow direction
variation was high in all temporal and locational snapshots; however, negative flow was more
commonly observed at the center of planes 1-5 and along the floor of the aircraft whereas
positive flow occurred around the perimeter of the same cut planes. The snapshots at each of the
four time points starting 19 s after the initial particle release in each of the four models on each
of the five axial cut planes are shown in Figures B4-8. See Figure 7 for a diagram showing the
location of each cut plane.
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Figure B4 — Air velocity in forward to aft direction on plane 1 in models 1-4
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Figure BS — Air velocity in forward to aft direction on plane 2 in models 1-4
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Figure B6 — Air velocity in forward to aft direction on plane 3 in models 1-4
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Figure B7 — Air velocity in forward to aft direction on plane 4 in models 1-4
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Figure B8 — Air velocity in forward to aft direction on plane 5 in models 1-4
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APPENDIX C

Visualized Deposition Patterns for each of the Four Models
Particles deposited most frquently across the forward section of the cargo bay in all four models

(expirations at 1, 41, 81 and 121 s for models 1, 2, 3 and 4, respectively). The following figures
depict the locations of deposition which are clustered around the aerosol expiration point.

A. 1 s Expiration B. 41 s Expiration

MappedParticle Mass (Ib)
0.0000 2.3030e-13 4.6061e-13 6.9091e-13 9.2122e-13 1.1515e-12

]

Figure C1 — Detailed particle deposition patterns by mass for each of the four models
A. model 1; B. model 2; C. model 3; D. model 4
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