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Abstract

Contaminated or infected patients present a risk of cross-contamination for
emergency responders, attending medical personnel and medical facilities
as they enter a treatment facility. The controlled conditions of an aerosol
test chamber are required to examine factors of contamination, decontamina-
tion, and cross-contamination. This study presents the design, construction,
and a method for characterizing an aerosol test chamber for a full-sized ma-
nikin on a standard North Atlantic Treaty Organization litter. The metho-
dology combined air velocity measurements, aerosol particle counts and size
distributions, and computational fluid dynamics modeling to describe the cham-
ber’s performance in three dimensions. This detailed characterization facili-
tates future experimental design by predicting chamber performance for a va-
riety of patient-focused research.

Keywords
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1. Introduction

The COVID-19 pandemic has brought bioaerosols and their transmission to the
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forefront of the medical community’s minds, as the risk of infection among med-
ical providers and support staff remains high. Massive efforts were made early in
the pandemic to control infection via decontamination and control of infected
patients’ excreta. Now that the disease has become endemic throughout the world
and a large portion of the population has developed some immunity either na-
turally (via infection), from vaccination, or both, there is still an interest in de-
contamination research. New variants of the virus emerge through natural mu-
tation in the face of immune response. Care facilities have modified how they
provide care during operations [1] [2], during transportation [3] [4], and during
routine care [5]. The medical community was able to adapt quickly in part due
to lessons learned from the spread of other dangerous airborne pathogens and in
part due to the rapid response of the scientific community in establishing key
features of transmission and bioaerosol decontamination.

Much of past research in patient decontamination practices resulted in rec-
ommendations for removing or inactivating chemical, biological, or radiological
agents without serious damage to the patient or medical personnel. Chilcott et
al. [6] reported on the mass testing of United States government planned patient
decontamination protocols on 86 volunteer subjects using surrogate agents. A
key concern is not only reducing risk to the patient, but also reducing risk to at-
tending medical personnel. If medics are contaminated by in-coming patients,
they may spread that contamination, and also possibly suffer the effects of that
agent. Infectious patients may act as a biological source and spread the agent as
an aerosol via breathing, coughing, and sneezing. Schilling et al [7] summarized
methods for patient contamination control during short and long-distance trans-
port in Europe. Given the lack of quantitative studies supporting patient deconta-
mination strategies, Titus et al [8] recommend focused studies to evaluate the
efficacy of different decontamination methods. An aerosol test chamber large
enough to place a full-size manikin would be useful to experiment on varying
patient decontamination methods to inform medical facility design.

Flow-thru aerosol chambers for evaluating bioaerosol samplers and other col-
lection devices have been used for several decades [9] [10] [11] [12]. Su ef al [9]
investigated two novel bioaerosol samplers using a small wind tunnel. Experi-
ments were conducted in air speeds between 0.5 m-s™' to 2.0 m-s™" in the 0.76 x
0.76 x 1.4 m test chamber. Upton et al [10] tested three bioaerosol samplers in
an 8 x 0.6 x 1.2 m wind tunnel at wind speeds ranging from 0.4 to 4 m-s™". King
et al. [11] estimated the size distributions of culturable particles and organisms
using an Andersen bioaerosol impactor with real-time particle size distribution
validated with an aerodynamic particle sizer (APS). In order to characterize the
size distribution of impacted particles and organisms, a 200 mm diameter duct
was used to transport the test bioaerosol to the Andersen impactor. This well
mixed duct allowed for periodic real-time sampling through a side port con-
nected to an APS inlet. The system was finely controlled via a fan with digital
flow meter. But these three chambers were not large enough for full-scale human

or manikin decontamination studies. Emanuel et al. [12] detected and tracked
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biological simulant particles through reaerosolization and an outdoor release
event. During indoor reaerosolization tests, Bacillus thuringiensis subsp. kursta-
ki test particles were lofted in a 61 m long chamber using fans that produced a
3.8 m-s™! breeze. This chamber was certainly large enough for full-scale research,
but has limited availability.

These studies provide robust characterization of samplers for measuring bio-
aerosols but the ability to confirm bioaerosol presence and concentration are
only a portion of patient decontamination studies. In addition to detection, pa-
tient decontamination studies require patient analogs and medical equipment to
allow for a real representation of bioaerosol behavior in a medical setting. There
is a dearth of studies focused solely on patient decontamination in controlled
environments. To address this short-coming researchers in this study designed,
fabricated, and characterized an aerosol chamber capable of fitting a North At-
lantic Treaty Organization (NATO) standard patient litter and full body mani-
kin. The chamber was designed to be cost-effective, modular and capable of ge-
nerating air velocities representative of a variety of workplaces. The current
study adds to the existing chambers and increases the availability of characte-
rized research facilities. While studies in other aerosol chambers of sufficient size
did not focus on patient decontamination, they did underscore the importance
of thorough chamber characterization. Temperature, pressure, and relative hu-
midity can all have substantial effects on aerosol characteristics so researchers
must decide from the outset if the chamber should be designed to control these
parameters or if it is sufficient to simply monitor them [13] [14] [15] [16] [17].
Studies cannot begin without a complete understanding of the chamber charac-
teristics, to include the achievable air velocities, airflow patterns, spatial and
temporal variability of particle movement, and air exchange rates and mixing
behavior of the chamber [14] [15] [16] [18] [19]. For the aerosol chamber de-
scribed in this paper, temperature, pressure and relative humidity were moni-
tored and all air velocities corrected for variations.

Aerosol test chambers are commonly characterized in conjunction with com-
putational fluid dynamics (CFD) techniques to verify and validate models and
code [20] [21] [22] [23]. When considering any fluid flow, the fundamental set
of equations used to describe the conservation of momentum and mass trans-
port are the Navier-Stokes equations, specifically in regard to incompressible
turbulent flows [24]. While it is true that air is compressible, the Navier-Stokes
equations are routinely used to describe airflow [25]. Given that the chamber
will support a myriad of studies with different equipment, manikins, and ob-
stacles to airflow, researchers created computational fluid dynamic simulations
of the unoccupied chamber. These simulations, in combination with the cham-
ber’s ability to accommodate both patient analogs and bioaerosol generation,
make it a unique asset among decontamination studies. The remainder of this
paper describes the chamber’s design and characterization; including air veloc-

ity in three dimensions, aerosol concentration and size distribution, and the
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computational fluid dynamics model developed to describe the airflow.

2. Objective and Research Question

The chamber design focused on two research projects: measurement of air-
flows and aerosol transport around a litter-bound patient, and decontamina-
tion of the same litter-bound patient. These patients and the medical staff at-
tending them would be expected to experience environments as varied as out-
doors, medical treatment areas, and aeromedical evacuation on military aircraft.
As these projects had varied requirements and future needs are unknown, de-
sign of the chamber was meant to maximize flexibility by modularity of design.
Due to the size of a standard NATO litter (0.584 m (1.9 ft) wide) and space
available at the research facility, researchers decided that 0.762 m by 0.762 m
(2.5 ft x 2.5 ft) would be the minimum cross-section considered to avoid boun-
dary effects [26]. Air velocities inside the chamber needed to be similar to those
encountered in common indoor workplaces, from treatment room spaces which
approach calm environments (<0.3 m-s™) to those spaces which require robust
ventilation to protect against particulate hazards (20.5 m-s™") [27] [28]. Consi-
dering the desire to mimic these environments, researchers determined that am-
bient air conditions would be suitable and no effort was made to control tem-
perature or humidity.

Early designs aimed for laminar flow inside the chamber and basic fluid dy-
namics calculations were undertaken to determine if this would be possible with-
in the space constraints. A range of air temperatures, air velocities, and chamber
cross-sections were considered although ultimately, it was determined to be im-
possible to achieve laminar or fully developed turbulent flow.

As calculations indicated that achieving laminar and fully developed turbulent
flow would be impossible within the real-world space constraints, the final de-
sign was a rectangular chamber with dimensions of 0.914 x 0.914 x 6.401 meters
(3 x 3 x 21 feet). Polycarbonate was chosen as the material for the walls, to allow
researchers to monitor experiments. Though the chamber was designed to oper-
ate under negative pressure, a 0.762 cm (0.3 in) wall thickness was deemed ade-
quate as the magnitude of the pressure would be small. The frame was con-
structed out of aluminum (80/20 Inc., Columbia City, IN). The final chamber
design and fabrication was in three 2.13 m (7 ft) sections which could be joined
at the seams to form a single continuous chamber (Figure 1). The middle sec-
tion included a door to allow access to the interior of the chamber. Air enters
and is exhausted through banks of high efficiency particulate air (HEPA) filters.
Air is moved through the chamber by a centrifugal fan equipped with a variable
frequency drive located downstream (Model HDBI-120, Cincinnati Fans, Cin-
cinnati, OH).

After construction, all inside seams were caulked to seal them and the seams
between chamber sections were sealed with Gorilla Tape® (Gorilla Glue, Inc., Cin-
cinnati, OH) to facilitate detachment for cleaning or relocation. Once these activ-

ities were completed, characterization of the chamber began.
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Figure 1. Final Chamber Design. (A) Final chamber design with dimensions. (B) Simplified chamber design showing measure-
ment locations. (C) Optical particle sizer measurement positions in a cross-sectional plane.

As turbulence was expected, some characterization was conducted with a flow
straightener (Model: AS100, Ruskin, Kansas City, MO) in place. It was located
just upstream of the door, at the seam between the first and middle chambers.
All tests without the flow straightener included measurements from all three
chambers, while those with the flow straightener only measured locations down-
stream of the flow straightener placement.

3. Methodology

The chamber had to be characterized for both air velocities and aerosol particle
counts to facilitate the design of experiments for patient contamination control

research.

3.1. Velocity Mapping

Velocity mapping was done to understand the air speed characteristics along the
face of each plane and longitudinally along the length of the chamber. Mapping
was done using a VelGrid attached to an AirData Multimeter data logger (Mod-
el: ADM-880c, Shortridge Instruments, Inc., Scottsdale, AZ).

The VelGrid is designed to measure the face velocity profile by covering a
0.356 x 0.356 m” area and recording the average velocity from 16 points within
this area. In this experiment, three VelGrids were stacked and used simulta-
neously to cover a vertical slice of a plane in the chamber. Data were recorded
using the ADM-880c in automatic mode, which were downloaded from the de-
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vice at regular intervals. The ADM-880c has the capability to automatically cor-
rect measured velocities for atmospheric temperature and pressure variations,
although it cannot account for fluctuation in relative humidity. This was done
manually by using the air temperature and relative humidity collected by a Ke-
strel 4000 Pocket Weather Tracker (KestrelMeter.com, Boothwyn, PA) which
was set to record data every 20 minutes.

To measure the velocity in the aerosol chamber, it was divided into imaginary
blocks of 0.305 m x 0.305 m x 0.305m (1 ft x 1 ft x 1 ft). Starting in chamber 1,
the chamber was labelled in 0.305-meter (1-foot) increments along the z-axis
(Figure 2). The chamber was lettered along the x-axis, with the cube on the side
of the chamber furthest from the door being labelled “A”, the middle labelled
“B”, and the one nearest the door labelled “C”. In addition, each VelGrid was
given a number, used to designate the height it measured within the chamber,
although the words “high”, “middle”, and “low” are used for clarity.

In the initial measurement of air velocity, the three VelGrids were stacked by
attachment to a ring stand. The face of the VelGrids was positioned at each
measurement location in the chamber, using tape marks on the chamber to en-
sure alignment. Once the VelGrids were positioned, the ADM-880c data loggers
were attached and turned on to begin recording data. The chamber door was
closed, the two side seams were sealed with tape, and the fan was turned on.
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Figure 2. Horizontal velocity profiles in the chamber at 0.5 m-s™', no flow straightener.

DOI: 10.4236/0dem.2023.111005

83 Occupational Diseases and Environmental Medicine


https://doi.org/10.4236/odem.2023.111005

M. L. Steele et al.

For each run, the fan was dialed up through the desired speeds using the vari-
able frequency drive. In order to characterize the velocity across the full range of
the fan, three frequencies were chosen: 16 Hz, 30 Hz, and 60 Hz. It was deter-
mined that 60 Hz would provide an air speed of 1 m-s™, 30 Hz would provide 0.5
m-s”, and 16 Hz would provide 0.2 m-s™'. From this point on, the fan settings
will be referred to by the speed, rather than the frequency. The lower end was
chosen to be slightly above the limit of detection of the ADM-880c data logger
(0.127 m-s™"). For each run, the fan was dialed to 0.2 m-s™! and allowed to stabil-
ize for a minute before a three-minute measurement period began. After the
measurement period, the fan was dialed to 0.5 m-s™, given a minute to stabilize
and then measured for three minutes. Finally, the fan was dialed to 1 m-s™' and
the stabilization and measurement periods were repeated. Once measurements
were complete, the fan was turned off, the chamber opened, and the VelGrids
were moved to the next measurement location along the x-axis. For the initial set
of data, measurement locations were done sequentially (1A, 1B, 1C, 3A, 3B, 3C,
etc.).

To validate the repeatability of measurements, certain locations within the
chamber were selected for duplicate measurements on different days. One third
of the original sampling locations were sampled for repeatability (14 of 39 with-
out the flow straightener, and 9 of 27 with the flow straightener in place).

In addition to the initial air speed characterization, the air velocities were meas-
ured while clean air ran through a dust generator to ensure that the introduction
of another air stream for aerosol research did not significantly disrupt the estab-
lished airflow patterns. Sampling planes were chosen based on those planes with
the most consistent air velocities. Two planes were chosen for use when the flow
straightener was not present (5 and 7) and two planes which could be used when
the flow straightener was in place (8 and 10). These measurements were repeated
with two different settings on the dust generator, a high (250 kPa) and low (100
kPa) pressure-induced flow, to ensure that the full operational range of the dust
generator could be used without significant effect on the established airflow pat-
terns. Final analysis showed no impact to the established patterns so aerosol stu-

dies commenced.

3.2. Spatial Variability of Aerosol Particle Count Concentration

Spatial variability of the chamber was examined using UltraFine Arizona Road
Dust (ARD) (Particle Technology Inc., Arden Hills, MN) lofted by a rotating
brush generator (RBG) 1000 dust generator (Palas GMBH, Karlsruhe, Germany)
while real-time measurements were obtained with a particle counter. Measure-
ments were taken in the same planes as were sampled with clean air (5 and 7
without the flow straightener, and 8 and 10 with the flow straightener in place).
Sampling probes channeled dust from the chamber to an optical particle sizer,
OPS model 3330 (TSI, Inc., Shoreview, MN) to obtain particle size distribution

and particle count concentration information. One OPS reading was taken for
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two minutes, then the probe was moved to a new location. The end of the sam-
pling probe was positioned in the center of each grid square. Sampling was not
isokinetic as the opening of the probe was perpendicular to airflow, though any
errors due to this would be equivalent for each location.

For initial tests, the fan was set to 0.5 m-s™". After the fan was turned on, the
RBG dust generator was turned on. The compressed air line was set to 552 kPa,
and the pressure regulator on the RBG was set to 100 kPa. The feed rate was set
to 60 mm/hr. This gave a run time of approximately 40 minutes in most cases
based on the amount of the dust reservoir filled. The brush speed was set to 1200
revolutions per minute per the manufacturer recommendation. Fifteen samples
were taken per plane and experiments repeated on multiple days to capture in-

ter-day variability.

4. Computational Fluid Dynamics Model Development

This study used COMSOL Multiphysics® (version 5.4), a multiphysics solver
which uses a finite element method [29]. The model was a standard &-¢ turbulence
method with steady state conditions considering gravity. To account for hydros-
tatic pressure, a two-equation model using Reynolds Averaged Navier-Stokes
(RANS) and wall functions was used. This model is recommended for used with
high Reynolds numbers and low Mach numbers indicating incompressible flow,
which is representative of the exposure chamber flow conditions [29]. The Rey-
nolds number range for this model was 4265 to 59,468. The standard k-& model
is robust and commonly used to model airflow around bluff bodies, which is an
important consideration for future work.

The aerosol chamber design was imported to COMSOL software from a 3-di-
mensional computer-aided design (CAD) file that allowed for an accurate digital
representation of the chamber as the computational domain. The model was
created full size and used the HEPA filter bank as the inlets, one for each filter,
with additional inlets at the door to account for improper seals. An 11-inlet
model was designed which accounted for leaks in the door as recorded with hot
wire anemometer described below. This model was deemed to be the best repre-
sentative model of the exposure chamber based on the velocity profile obtained
during characterization.

The model considered each of the nine HEPA filters as an inlet boundary con-
dition with the velocity determined by measuring face velocity at the filter exte-
rior with a hot wire anemometer. During the process of model development, the
best results applied a 10% increase to the observed face velocity measurement.
An additional two inlets were included at the bottom of the door to represent
leaks. The outlet boundary condition was constant pressure set at the location of
the plane at the exhaust outlet. The initial conditions were set by the experimen-
tally determined conditions at plane 1 with pressure set to 98.4 kPa, temperature

set to 294 K and velocity of 0.51 m-s™ (representative of average chamber veloc-

ity).
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The governing equations are the RANS equations with transport equations for
k and ¢ shown (Equations (1) and (2)). The experimental conditions reflected
steady temperature as there were no heat sources or sinks within the exposure
chamber. Gravity was considered to account for hydrostatic pressure and larger
particle settling for applicability to future experiment. The geometry for the ex-
posure chamber was created using CAD software with the design specifications
and post-construction measurements. The mesh was left in free tetrahedral form
generated by the software algorithm but had a finer mesh along the walls due to
concerns with element size compared to the corners and inlet geometries. The
mesh would need to be refined for future work that included more complex
geometries inside the chamber but was adequate for validation of velocity pro-
files at each chamber location. The mesh consisted of 1,262,836 elements with
1,040,112 tetrahedral, 11,418 pyramid, and 211,306 prism elements. Table 1 lists

the variables.

Table 1. Nomenclature for Equations (1) and (2).

Definitions of Variables

Variable Definition Equation or Value
pE
Uy Turbulent Viscosity w=p*C, (?j
P Fluid Density—depends on temperature, pressure, and fluid Constant for incompressible flow
G, Constant 0.09
Turbulent Kinetic Energy Equation (1)
£ Turbulent Dissipation Rate Equation (2)
u Velocity Field User Input
\% Gradient/Partial Differential
Fluid Dynamic Viscosity—relates the shear stress
# and shear rates of a liquid
oy Constant 1.0
P, Production Term P =y (Vu Z(Vu+(Vu)r)—§(v~u)zj—§pkv~u
r Temperature - user-defined reference temperature
or calculated from other model inputs
o, Constant 1.3
C, Constant 1.44
C, Constant 1.92
B Surface roughness (Constant or user-defined) 5.2
K, von Karman constant 0.41
DOI: 10.4236/0dem.2023.111005 86 Occupational Diseases and Environmental Medicine
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The measured velocity profile was compared to numerical simulation by av-
eraging the computed solutions across the face of the imaginary blocks (ie
1A-low, with nine blocks per plane). The velocity field solutions were exported
from COMSOL Multiphysics® and sorted, filtered, and averaged using Python
(version 3.7.1, Jupyter Notebook version 5.7.4) to return the velocity profile av-
erage for each block. When comparing measured and simulated values, a total of
117 squares were considered from the characterization. The comparison was made
based on the confidence interval (C.1.) of measurements from the ADM-880c. Lo-
cations that were measured multiple times were considered highly variable if re-
peated measurements fell outside the C.I. of the original measurement and thus
were not considered ideal for model verification and validation. Locations where
repeated measurements all fell within the respective C.I.s were considered good
locations for validation and weighted more heavily in analysis. Locations that
were only measured once were considered based on the C.I. of the single mea-
surement.

Of 117 squares, nine were considered highly variable based on the criteria
(7.7%). There were a remaining 54 squares (46.2%) with multiple measurements
and 54 (46.2%) with only a single measurement. For model validation purposes,
if the simulated value fell within the observed range with C.I., it was considered
a valid simulated value with less emphasis given to highly variable locations due
to the larger inclusion range.

Equation (1). Definition of &
p(0k/ot)+ pu-Vik =V -((u+ o, )Vk)+ P, = pe . (1)
Equation (2). Definition of &

p(o/ot)+pu-Ve = V~((,u+yr/0'g)vg)+C€1 (e/k) PR, —ngp(gz/k). (2)

5. Results and Analysis

5.1. Chamber Air Velocity and Aerosol Measurement Results

Velocity data were visualized as contour plots using the open source software R
(Version 3.6.0). Breakpoints for the velocity were chosen based on the VelGrid’s
precision, 3% or +0.04 m-s™' (+3% or +7 fpm) [30]. When plotted, data for the
entire chamber without a flow straightener showed unevenness of flow through-
out the chamber, though the least variability was observed in the middle slice of
the chamber, away from horizontal position C. All three fan speeds showed ve-
locity extremes at chamber locations 9 and 12, indicating gaps in the door even
with taping the door seams.

Considering the uneven profiles collected along the chamber length, mea-
surements were taken across different days to verify the repeatability of mea-
surements. In Figure 3, the initial measurements are shown as black dots. Mea-
surements collected on subsequent days are shown as red and blue dots. The
pink ribbon shows the uncertainty surrounding the initial measurements. The

Grubbs’ test was used to determine any data points that were outliers (a = 0.05).
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Figure 3. Day-to-day variability in average velocity at 0.5 m-s™', no flow straightener.

Black dots indicate the first day’s measurement, red and blue dots indicate the second and
third subsequent days’ measurements.

The only outliers found were in the 0.2 m-s™ data. Results were similar for veloci-
ties measured with the flow straightener. The variability observed was deemed
controlled enough to proceed with further characterization without modification
of the chamber.

Velocity data were evaluated qualitatively and quantitatively for normality us-
ing quantile-quantile plots and the Shapiro-Wilk test. Data collected without
a flow straightener did not behave normally; however, those collected with the
flow straightener in place did behave normally.

Due to non-normality, the data were tested for equal variance using Levene’s
test and a significance of 0.05 was chosen as the cutoff. Data were tested for a va-
riety of conditions: the longitudinal chamber position alone, the chamber posi-
tion with regard to the vertical position, the chamber position with regard to the
horizontal position, and the horizontal position with regard to the vertical posi-
tion. Of these conditions, it was desirable to achieve either equal variance along
the chamber length or equal variance within one plane at a specific chamber po-
sition. With respect to only the chamber position, equal variance could not be
assumed for fan speeds 0.5 and 1 m-s™". The null hypothesis could not be rejected
for any fan speed when considering the horizontal and vertical position, suggest-
ing that in a plane at a specific chamber location, equal variance exists. While
equal variance for chamber position with respect to the vertical or horizontal po-
sitions failed to reject the null, these conditions were not physically meaningful as
they implied a long rectangular prism with equal variance, but unequal velocities.
It is unlikely any research scenario would rely on that specific combination of
conditions.

These results for the horizontal and vertical position interaction were qualita-
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tively evaluated through boxplots. The conclusion remains the same though the
extent of the variances is visually more apparent.

Owing to the unfavorable velocity profiles in the second chamber, planes 5
and 7 were chosen for further characterization. Ultrafine Arizona Road Dust was
lofted and OPC readings were taken at nine points within each plane. Every
two-minute sample at a single location in the plane was transformed from raw
counts to the mass mean aerodynamic diameter through the process described
by Hinds [31]. The only difference between the calculations presented by Hinds
[31] was the mass of the dust, 500 kg/m’. The MMAD calculated from each
reading was plotted by horizontal position, then vertical position to discern if the
aerosol distribution was more stable from side-to-side or top-to-bottom in the
plane (Figure 4). The 0.5 m-s™' setting yielded the most consistent results though
the MMAD reported at any fan setting and any location only ranged from 3.5 -
4.25 um. The average MMAD observed was 3.9 um (GSD 1.82 um), while the
manufacturer reported an MMAD of 4.32 um. While the observed particle size
distribution was slightly smaller than that reported by the manufacturer, the GSD
indicates a narrowly dispersed aerosol. As isokinetic sampling was not conducted,
the discrepancy in median diameters may be explained by fewer of the large par-
ticles making it into the sampling probe, which was held perpendicular to the
freestream. As well, the MMAD (3.4 - 4.9 um) and GSD (1.5 - 2.1 um) did not
differ substantially between planes or runs, suggesting that for the ultrafine par-
ticles that even dispersion was achieved.

All data gathered and analyzed confirmed initial design expectations, in the
flow was turbulent and irregular along any plane of interest. Aerosol distribution
data were encouraging as the distribution, if not the raw counts, were similar at
all nine points sampled for each plane. Given this discovery along with the posi-
tioning of the aerosol inlet, the aerosols were considered well mixed in the
chamber. Considering the MMAD boxplots, contours of the velocity and particle
count profiles were generated to visualize airflow and aerosol patterns by plane
(Figure 5). These final contours served as guidelines for follow-on research samp-

ler placement.

0.2ms1 (16 Hz) 0.5m s (30 Hz) 1.0 m s (60 Hz)
— A — : .
L—;
A B C A B C A B C
Horizontal Position Horizontal Position Horizontal Position
_— =
1 3 5 1 3 5 1 3 5
Vertical Position Vertical Position Vertical Position

Figure 4. MMAD boxplots for plane 5.
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Figure 5. Velocity and particle count profiles in plane 5 at 0.5 m-s™.

International Organization for Standardization (ISO) 14644-3 standard, Clea-
nroom and Associated Controlled Environments— Part 3. Test Methods, recom-
mends a test of time for the room to achieve a 100-fold reduction in test aerosol
concentration [32]. It should be noted that the test is specified for non-unidi-
rectional airflow rooms or zones. A clean room is characterized and certified for
performance periodically.

The chamber described in this study was not designed as a clean room, al-
though there are many common concepts. There are HEPA filters on the inlet
and the exhaust of the chamber so that only particles intentionally introduced
for experiments are present. Also, the exhaust filter ensures that particles do not
escape into the ambient background air in the larger room. The chamber is a
uni-directional airflow room. The chamber was characterized as described in this
paper, and chamber procedures were recorded in a standard operating procedure.
The standard operating procedure for the chamber requires real-time monitoring
of the particle concentration and not opening the chamber until the concentra-
tion returns to background levels. The characterization trials used an optical par-
ticle counter and polystyrene latex (PSL) spheres of 1 um diameter. PSL spheres
were introduced up to a raw count of 300,000 particles. When the particle gene-
rator was turned off, the particle count dropped back to background within 2
minutes. This was done repeatedly. When considering variability in experimen-
tal procedures, it was determined that approximately 40 air changes was suffi-
cient, which results in a mandatory 10 minute wait with the chamber exhaust fan
running to reduce particle concentrations to background. The real-time instru-
ment also serves as a check on particle reduction. If a specific experiment results
in longer decay time, then the experimental protocol can be modified imme-
diately to ensure that particle concentrations decay to background. This differs
from a clean room approach with periodic certification. Once the experiment
ceased and particles were exhausted, then a standardized research protocol dic-
tated how to handle any waste, such as simulated patient decontamination trash.
For instance, researchers donned gloves and respirators, opened the access door,
wiped down and removed equipment or samples and double-bagged any biolog-
ical materials for later autoclave and disposal.

While obtaining additional measurements for the CFD model, it was discov-

ered that an unidentified leak at the door was allowing air to infiltrate the space.
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After creating a new seal to address this gap, additional measurements of select
planes in chambers 2 and 3 were collected to determine the impact on their flow
profile. As seen in Figure 6, previously disordered plane 9 showed marked im-
provement in flow, to the point where the second chamber velocity profiles in-
dicated it could reliably be used for experiments. This effectively doubled the vo-
lume of sampling space with minimum structural alterations. Unfortunately, the
third chamber remained highly disordered, likely owing to effects from proximity
to the fan.

5.2. CFD Model Results

The simulation results fell within measurement confidence intervals as observed in
experiments for 90/117 (76.92%) squares overall and 47/54 (87.04%) of the squares
with multiple measurements. Four of the forty-five locations shown had model
values which fell outside of the measurement C.Ls. Five of the nine highly varia-
ble locations occurred in either plane 9 or 10, indicating the door leak was im-
pacting consistent measurements in those locations. The model reasonably simu-

lated the characterization based on the velocity profile at each plane (Figure 7).

Velocity Profile (0.5 m s, Plane 9) Velocity Profile (0.5 m s’%, Plane 9)
High | Velocity
inm-s"
]
- 0.668
o
= 0.562
8 Middle
© 0.456
L8
g 0.35
Low |
C B A € B A
B

Horizontal Position Horizontal Position

Figure 6. Velocity profile comparison for plane 9 at 0.5 m-s™' (A) original door seal and (B) im-

proved door seal.
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Figure 7. Airflow visualization from CFD model.
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In contrast to figures showing measured values, simulated values are only from a
slice at the precise height indicated. The metal frame which holds the HEPA fil-
ters in place prevents airflow, shown by the slow-moving airflow at the inlet for
each plane in Figure 7.

The mesh was left in the free tetrahedral form generated by the software algo-
rithm but had a finer mesh along the walls due to concerns with element size
compared to the corners and inlet geometries. The mesh would need to be re-
fined for future work that included more complex geometries inside the cham-

ber but was adequate for validation of velocity profiles at each chamber location.

6. Conclusions and Recommendations

A 6.401 m (21 ft) chamber with 0.835 m? (9 ft?) cross-section was constructed to
serve as a test space for aerosol studies investigating patient contamination con-
trol. This study demonstrated a method for the rigorous characterization of a
flow through aerosol chamber. The combination of aerosol size distribution, air
velocity profiles, and computational fluid dynamics model facilitate a wide range
of research experiments. Aerosol sampler comparison studies have used this
chamber’s data to plan the location of the samplers to optimize their results [33]
[34]. Personal decontamination studies have also used the chamber data for plan-
ning their experiments [35]. The chamber characterization reduced time spent
on pilot studies for each experiment. Air flow profiles were generated by mea-
suring velocity at prescribed locations along the x-, y-, and z-axes. Aerosol size
distribution profiles were created for the four planes identified as most stable with
and without the flow straightener. Inter-day variability was deemed acceptable
considering the limitations of the anemometer. This finding supports the use of
the chamber for future studies without modification. While equal variance ex-
isted across x-y planes in the chamber, the magnitude of the variance was consi-
derable. This considerable variance suggests researchers must either collect large
sample sets to detect significance among the data or restrict their activities to a
smaller, better defined subsection of a given plane.

The creation of a computational fluid dynamics model validated by physical
measurements will be a great asset to future research projects. It will allow re-
searchers to predict the impact to flow behavior when different sampling appa-
ratus are in place before conducting pilot research. It is apparent that improve-
ments to the door’s seal could be made and CFD models could inform an im-
proved design as well as behavior after modification. Finally, the air flow was only
characterized at three fan settings, and aerosol behavior at a single fan speed. It
stands to reason that subsequent research may rely on intermediate velocities to
achieve their research aims. Refinement of the current model would allow pre-
dictions to be made of flow behavior that could easily be validated with judicious
sampling, rather than a repeat of the entire characterization outlined in this re-
port. This CFD model will ultimately help save researchers time and funds.

The data collected and analyzed in this study confirm the chamber perfor-

mance is stable enough for a variety of research aims. Periodic confirmation of
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chamber performance is recommended. Any significant changes to the setup,
including replacement of the access door require a complete recharacterization.
With the present setup, researchers will need to conduct pilot studies to capture
any bias inherent in the selected chamber location before proceeding to full scale
studies, though use of the CFD model will aid this process.

The chamber described in this paper is able to accommodate a patient litter,
unlike the chambers described by Upton et al [10], King and McFarland [11],
and Su et al [9]. The minimum air velocity achievable, 0.2 m-s™, is more repre-
sentative of a calm environment like those found indoors compared to those
tested in the aforementioned studies, where the lowest velocity tested was 0.4
m-s~' [10]. None of the studies included CFD simulations. However, the cham-
ber described by Su et al [9] provided an additional length to introduce and mix
aerosols prior to the experimental section and was capable of achieving air ve-
locities up to 2 m-s™". In a scenario where first responders are providing emer-
gency services to a patient while outdoors, air velocities greater than 1 m-s™' may
be recorded. The extended length of the chamber in Emanuel ef al [12] is ideal
for reaerosolization studies and is 9.5 times the length available in this study’s
chamber. Given the cost and physical constraints of the location available for
this chamber, only 6.4 m of internal space was available. For high air velocity
situations, this may be insufficient to capture the furthest distances bioaerosols
may be deposited after reaerosolization.

Future improvements for the chamber should include systems which control
the air temperature and humidity to allow researchers to simulate specific envi-
ronments of concern. While the current method of recording these parameters
does allow data to be appropriately corrected, it limits researchers to ambient
conditions. Similarly, the panels in the middle chamber should be replaced for a
better seal around the door to prevent ambient air intrusion. While initial stu-
dies are focused in the first third of the chamber and are therefore less impacted
by the air intrusion, future studies would benefit from a less turbulent environ-

ment at the door seal.
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