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1. INTRODUCTION

The COVID-19 (SARS-CoV-2) Pandemic has already infected over 202 million people and caused
more than 4.2 million deaths worldwide as of August 2021 [1]. The latest research findings show
that airborne aerosol transmission contributes to a large portion of the spread of COVID-19 disease,
especially in indoor spaces with poor ventilation conditions, large gatherings, and long-duration
exposure to high concentration aerosols [2—6]. Several studies show that improving ventilation,
wearing a face mask, avoiding overcrowding, and shortening the event time (exposure time) can
significantly reduce airborne infection risk in indoor environments [7—9]. Meanwhile, COVID-19
has been showing it can linger longer because of the emerging new variants or possibly become a
recurring concern similar to influenza. Therefore, it remains essential to evaluate airborne aerosol
transmissions in buildings and suggest mitigation measures for building operations and designs,
especially when vaccinations take time and may not provide the expected immunity at the moment.
Meanwhile, public health guidelines may relax during the gradual re-opening process.

Ceiling fans are widely used, including smaller diameters ("standard" fans) in residential settings
and large diameter ceiling fans (LDCF) in industrial/commercial buildings. Quite a few studies
have been undertaken on their airflow and performance characteristics [10—15]. Some studies
focused on space ventilation and human thermal comfort, whereas those on airborne pathogen
aerosol transmissions in large industrial spaces are limited, especially during the COVID-19
pandemic. Zhu et al. [16] investigated the upper-room ultraviolet germicidal irradiation (UVGI)
fixture in a hospital room with a ceiling fan. They found that the UVGI effectively removed the
microorganism from the air. One recent study focuses on airborne aerosol transmission in the area
under the ceiling fan in a room setup [17]. Meanwhile, ceiling fan-related research was often
conducted through experiments of fan types, blade shapes, and rotation speeds. When experimental
data are limited, especially during the pandemic, numerical simulations are essential for
understanding indoor airborne aerosol/particle transmissions [17-23].

1.1 Objective and challenges

This project supports the effort of "4AMCA COVID Guidance for Non-Ducted Fans" (hereafter, the
Guidance) with the focus on the numerical modeling of ceiling fans. The Guidance responds to the
existing and future COVID Guidance from government agencies, customer companies, and health
institutions, including the Centers for Disease Control, National Institute for Occupational Health
and Safety (NIOSH), American Society of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE) and Taylor Engineering for Non-Ducted Fans. The Guidance will be externally
reviewed by building and health experts to reduce infectious risk, protect members with the early
focus on the USA. This report focuses on the numerical simulation studies of airborne particle and
aerosol transmission in large warehouses with large diameter ceiling fans.

A few technical challenges have been identified. There are no existing modeling setups and general
guidance available for Non-Ducted Fans, such as LDCF, for the airborne transmission risks. Many
parameters can be involved, including but not limited to the setups for infector/infected; infector
particle release modes, durations, orientations, and the numerical methods to model them; the
relative locations of infectors and susceptible, and the fans in space; and the mitigation/abatement
strategies for the fan operations. As a result, a parametric study should be conducted, whereas it
could be limited by computing costs and resources available. The parametric study also requires
justifiable simplifications of the model by steady-state or transient simulations. Finally, it is needed
to identify validation cases to support the validity of the numerical simulation setups and



methodologies. The following sections report the simulation methodology, setups, assumptions,
validations, and simulation results.

2. METHODS
2.1 Theory - Drift-flux model

When modeling indoor particles, some researchers applied the discrete phase model (DPM), based
on the Lagrangian view of fluid to simulate the spreading and deposition of particles [24-26].
However, a DPM simulation is transient, requiring short time steps and substantial computing
resources. Based on the Eulerian perspective concept, simulations by tracer species are also an
approach for relatively small particles or aerosols [27-30]. Tracer gas is reported as a surrogate of
exhaled droplet nuclei to study airborne transmissions in buildings [31], whereas modeling the
gravitational and surface depositions has been challenging. Zhu et al. [16] simulated airborne
microorganisms as the passive scalar using the Euerlian method in the single-person hospital
isolation room with a ceiling fan based on the steady-state airflow field. The simulated space is
relatively small (about 42 m®), and the study did not consider the gravitational and surface
depositions of the airborne particles. Another approach to connecting the Lagrangian and Eulerian
approach is the "Drift-flux model" [23,32-34], which estimates the depositions with more
affordable computing cost than the DPM. Therefore, this research employs the Drift-flux model
for the simulations of airborne particle transmissions in large industrial spaces with large diameter
ceiling fans.

The governing equation of the particle concentration includes the gravitational settling effect of
particles into the convection term in the one-way coupled Drift-flux model. The indoor flow field
and temperature fields are solved during the simulation progressed using the standard k—s model
with the standard wall function and the buoyancy effect via the Boussinesq assumption. After the
airflow pattern and thermal condition convergence are reached, the particle concentration is solved
by Eq. 1 based on the one-way coupled process with the airflow.

D47 (p(V +V)0) =V - “LVC) + 5 (1)
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Where

175 = gravitational settling velocity from the Stokes equation
Uesr = effective viscosity of air, perr = U + Ug

u = molecular viscosity of air

Uy = turbulence viscosity, determined from turbulence model
oc = Turbulent Schmidt number,o, = ’:—;

Dp = Particle Brownian diffusion coefficient
ep= particle turbulent diffusivity

The gravitational settling velocity is determined by
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Cp = drag coefficient; 22 forRe<1; = %(1 + 0.15Re3) for 1 < Re <1000
Re = Padp|Va—Vp|

Ha
pq= air density
dp= particle diameter
V'p = particle velocity
V, = air velocity
U,=dynamic viscosity of air

The particle deposition mass flux is defined following the modified Fick's law
ac . .
] =vqCeen = (Dp + EP)E + ivsCeent (4)

Where i is "+" for downward-facing surfaces and "-" for upward-facing surfaces. Numerically, the
particle deposition flux for each CFD cell/grid is calculated by

Jeett = VaCeettPcettAcenr (5)

The deposition flux is assumed to be one-dimensional and constant in the concentration boundary
layer, and the particle diffusivity equals the turbulence viscosity. The dimensionless deposition
velocity can be evaluated differently based on the surface orientations [34]:

{ % (upward)

1—e~ Vsl

V= % (downward) (6)

e Vsl—1

uT* (vertical)
Where u* = /TFW; 1 is an integral factor with the details available in the literature [34].

2.2 Validations
= (Ceiling fan model validation

In this study, the commercial CFD software tool, ANSYS FLUENT [35], is used, and the moving
reference frame (MRF) [35] is used to model the fan rotation. A comprehensive experimental study
on ceiling fan performance (Fig. 1a) by Raftery et al. [10] is employed for the MRF model
validation (Fig. 1b). The ceiling fan with a diameter of 1.5 m (4.9 ft) is mounted at the height of
2.2 m (7.2 ft) in the center of a square room with the size of 6.1 m x 6.1 m x 3 m (20 ft x 20 ft x
9.8 ft) (L x W x H). Two fan blowing directions were considered: fan upward-blowing and
downward-blowing, both at 200 rpm. Figs. 1c and 1d show the velocity vectors at the center plane
for the downward-blowing (Fig. 1c) and the upward-blowing (Fig. 1d). Fig. 2 compares the
measured omnidirectional air velocities and the CFD results at different locations and elevations.
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The simulation results generally agree well with the measurements, so the ceiling fan's MRF model
is considered valid.
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Figure 1. (a) Experimental setup; (b) CFD room model; ¢) Velocity fields colored by velocity
magnitudes at the center plane for (c) the fan downward blowing and (d) fan blowing upwards.
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Figure 2. Comparison of the calculated and measured velocities at three planes: 1.7 m (5.6 ft)
(left), seating plane (middle), and 0.1 m (0.3 ft) (right) from the floor.

= Drift-flux model validation

The validation of the Drift-flux model is based on the previous chamber study by Zhang and Chen
[36] and Gao and Niu [23]. A series of measurements with mono-dispersed 10 um particles with
a density of 1400 kg/m3 (87.4 Ib/ft3) released from the inlet was conducted in a room with one
outlet shown in Fig. 3. The initial inlet supply velocity is 0.225 m/s (0.738 ft/s). Fig. 3 compares
the vertical concentration profiles at three locations: x = 0.2 m (0.66 ft); x =0.4 m (1.3 ft); x =0.6
m (2.0 ft). The location x = 0.2 m (0.66 ft) has the highest concentration since it is closest to the
particle release. Compared to the previous CFD study by Gao and Niu [23] and the original
measurements, the CFD results are close to the measured data, so the Drift-flux model is validated.

i Inlet
x=0.2m x=0.4m x=0.6m
§
A utlet
X 0.8m
(a) (b)
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Figure 3. (a) Chamber setup; (b) CFD chamber model; and (¢) comparison of normalized particle
concentrations between the measurement and the simulations at (a) x = 0.2 m (0.66 ft), (b) x =
0.4 m (1.3 ft), and (c) x = 0.6 m (2.0 ft).

2.3 Model setup - warehouse model

The industrial warehouse is based on the US DOE warehouse reference building model (Fig. 4a)
with a size of 100 m X 46 m x 8.5 m (330 ft x 150 ft x 28 ft) (L x W x H) with two 6.1 m (20 ft)
LDCFs (Fig. 4b). The building includes Bulk Storage (Fig. 4b) and Office and Fine Storage. The
two LDCFs are in the Bulk Storage, which is only modeled in this study. A warehouse may also
include storage racks, which have been modeled previously by porous media models [37-39].
Nelson [40] developed a server rack porous media, and Ambaw [41] modeled a fruit box as the
porous media. They indicated that the porosity and resistance of the porous media in three
dimensions are essential. Based on these previous studies, this research simulated the warehouse
racks by the porous media model (Fig. 4c) with the porosity and flow resistance settings from the
literature. The simulation results are reported mostly at two planes of interest: the whole warehouse
Breathing Zone (hereafter as "BZ") plane (Fig. 4d), and the vertical plane (Fig. 4e) crossing the
two LDCF centers (Fig. 4¢), and inside the working zone (hereafter as "WZ") (Fig. 4f). The details
of the case setup can be found in Table 1.
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Figure 4. (a) The DOE warehouse reference building model; (b) The CFD Bulk Storage model
with two LDCFs; (c) The CFD model with racks; (d). The whole warehouse Breathing Zone
(BZ) plane; (e) The vertical plane; and (f) the Working Zone (WZ) with workers of interest.

= Particle generation distribution

Based on the literation review [19], the particle size for loud speaking (shouting) can be separated
into five bins: 0.5 um, 1 um, 3 pm, 5 pm, and 10 pm. Fig. 5 shows the particle size profiles with
Table 2 for the details of the bin selections. The total particle release rate is 40 particles/s, with
most particles sized at 3 um and over half of the particles less than 3 pm. The particle number
generation for 3 um is 23.31 particles/s.
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Table 1. Key CFD model parameters.

Key Parameters

Settings

Mouth opening area
Exhale velocity

Exhale temperature
Number of infectors
Infector location

Particle diameter
Particle surface deposition
Airborne decay rate
LDCEF rotating speed
LDCF maximum volume
flow rate

Fan diameter

Fan locations

Outdoor dry bulb
temperature

Body temperature
Surface temperatures
Inlet ventilation rate
Steady or Transient
Turbulence model
Species transient timestep
Mesh size near the fan
Mesh size near the mouth
Rack geometry

Packing line

Fan speed type
Reverse fan speed
Total simulations
Total mesh grids/case

Computing time/case

227 mm? (0.35 in?); 17 mm (0.67 in) diameter circle [42,43]
3.4 m/s (11.2 ft/s) (loud speaking/shouting) [44]

34 °C (93.2 °F) [45]

One infector at different locations

Case dependent — see Fig. 7

Particle bins (0.5 ym, Ipm, 3 pm, 5 um, 10 um)

Particle sinks by UDF [23]

No measurable decay rate [46]

78 rpm (100% speed); 16 rpm (20% speed); no fan running
Q=90 m*/s (192,000 CFM) at 78 rpm from AMCA

6.1 m (20 ft)
Two fans 36.6 m (120 ft) apart; 7.6 m (25 ft) from the south
wall; 18.3 m (60 ft) from the west wall surfaces; 2.1 m (7 ft)

under the ceiling
Summer 32 °C (89.6 °F) and Winter -17.5 °C (0.5 °F) [47]

33 °C (91.4 °F) [44]

From EnergyPlus simulation (see Fig. 6 )
0.37 m*/s (780 CFM) per dock

See simulation scenarios

Standard k-¢ [48]

Adaptive 0.1s to 60 s

10 mm (0.39 in)

2 mm (0.08 in)

24 mx 6m x2.4m (80 ft x 20 ft x 8 ft)

12m % 0.9 m x 0.1 m (40 ft x3 ft x 0.3 ft)

3 (7 additional speeds for selected case - U-H-D-3)

2

223

14.6 million

6 hrs (steady-state airflow only); 8 hrs (transient Drift-flux)
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Figure 5. Particle distribution for loud speaking/shouting.

Table 2 Particle concentration distributions for selected bins.

Particle size bin (um) 0.5~0.75 0.75~1.25 1.25~4.75 4.75~5.25  5.25~10

Bin width (um) 0.25 0.5 35 0.5 4.75
Particle generation (#/s) 4.47 9.33 23.31 0.54 2.35
Particle number fraction 11.17% 23.34% 58.27% 1.36% 5.87%

Mass generation (kg/s) 2.92E-16  4.89E-15 3.29E-13 3.55E-14 1.23E-12
Mass generation (1b/s) 6.44E-16  1.08E-14  7.25E-13  7.83E-14  2.71E-12
Mass fraction 0.02% 0.31% 20.59% 2.22% 76.87%

= Wall thermal boundary conditions

The warehouse is assumed to be located in Chicago, IL, USA. The design day is July 21 for
summer and January 21 for winter. The wall thermal boundary conditions were obtained from the
EnergyPlus simulation of the DOE warehouse for the design days (Fig. 6). Note that the study
focuses on the summer scenario, and a few simulations are conducted for a selected case under the
winter conditions. When the warehouse is open from 8 AM to 5 PM on the summer design day,
the average temperature is 27.6 °C (81.7 °F) for all the walls, 29.5 °C (85.1 °F) for the roof, and
26.2 °C (79.2 °F) for the floor. For the winter conditions, 11.6 °C (52.9 °F) for the walls, 10.4 °C
(50.7 °F) for the roof, and 11.2 °C (52.2 °F) for the floor and -17.5 °C (0.5 °F) for the outdoor air
temperature.

12
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Figure 6. Warehouse surface temperatures from EnergyPlus simulation.

2.4 Simulation assumptions

It is important to address the underlying assumptions of the simulations before any results are
reported. Here is a list of the assumptions in the current study.

= This study modeled the particle droplets generated from an infector and their distributions in
the warehouse. The actual absolute values of COVID-19 infection risks are not the focus of this
study. Therefore, all the results, the conclusions, and the associated guidelines should be
interpreted on a relative basis.

= This study considers the particle release from loud speaking and does not consider other
respiratory scenarios.

= This study is based on the Drift-flux model with limitations in interpreting particle-air and
particle-particle interactions. For example, a particle is with one-way coupling with the airflow,
and no particle accumulation, coagulation, resuspension are modeled, although the gravitational
and surface depositions have been addressed.

= Therefore, any other assumptions associated with the Drift-flux model also apply. For example,
all the particles are spherical with constant density and diameter; the model does not consider
natural particle decay or any virus-related biological decay behavior, so the particle concentrations
could be overestimated.

= The effects of occupant and warehouse vehicle movements on the airflow are not considered,
although the airborne particle transmission is modeled for an 8-hour transient process. In addition,

13



the thermal plume from an occupant is considered stably established. So, the thermal plume in this
study could be overestimated, and horizontal particle spreading could be underestimated.

= The fan operation does not affect the ventilation rates through docks and doors in the
simulations, and the internal surface temperatures are assumed constant. In reality, fan operation
may likely increase or reduce ventilation airflows through openings in the building envelope
compared to a scenario without a fan operating.

= The particle deposition to porous rack surfaces is not considered so that the spatial particle
concentrations could be overestimated for cases with racks.

= The fan is assumed to be constantly running, so intermittent operation or dynamic speed
changes are not considered.

2.5 Simulation scenarios and case coding

The parametric study includes different locations and arrangements of the packing line relative to
the ceiling fans and the worker locations. Note that in all cases, the packing line is placed near the
right-side fan, the center of which is thus used as the reference for the “Left” or “Under” location,
meaning the packing line is to the left or “under” of the right-side fan.

= The location of the packing line is coded relative to the center of the right-side ceiling fan as:
o Middle (M, 18.3 m (60 ft)) — the middle of the two fans;
o Left (L, 9.1 m (30 ft)) — the left to the right-side fan;
o Under (U, 0 ft) — directly under the right-side fan.

= The orientation of the packing line is coded as:
o Vertical (V) — vertically placed (E-W direction) or
o Horizontal (H) — placed horizontally (N-S direction).

= The worker arrangement is coded as:
o Double row (D) — all workers standing in two lines, or
o Single row (S) — all on a single side.

= The worker distance is coded as:
o 31t(0.9m)(3)-3 ft apart, or
o 61t (1.8 m)(6)— 6 ft apart.

* Fan speeds and blowing directions are coded as:
o Fan Speed with 3 m/s (~ 10 ft/s) (as defined by Eq. 7): FS-3 = 100% (78 rpm);
o Fan Speed with 0.6 m/s (~ 2.0 ft/s): FS-0.6 = 20% fan speed (16 rpm);
o Fan Speed with 0 m/s: FS-0 = fan off (0 rpm).
o Fan blowing air downwards, by default, unless indicated as "reverse" for fan blowing
air upward.

= (Cases with heat transfer/energy equation disabled (no thermal buoyancy) indicated as "noheat"
= (Cases with racks indicated as "racks"

= Results for average particle concentration at the whole-warehouse Breathing Zone indicated
aS "BZ"

= Results for average particle concentration at the Working Zone indicated as "WZ"

14



The “fan air speed” [10] is defined by:
Fs=—2_ (7)

"~ mD2%/4
Where
O = fan flow rate, m*/s (CFM)
D = fan diameter, m (ft)

192000
202 /4

For example, FS-3= ~ 3 m/s (10 ft/s); FS-0.6 = 0.6 m/s (2 ft/s).

The coding convention is shown in Fig. 7. For example, the case of U-H-D-3 means that the
packing line is horizontally placed and directly under the fan with double rows of workers standing
3 ft (0.9 m) apart.

Packing line location Worker location
M=Middle; L=Left; U=Under; V=Vertical; H=Horizontal D=Double row; S=Single row; 6=6 ft; 3=3 ft

S

/I\

Figure 7. Parametric case scenarios and their coding conventions (the person colored by red is
the infector).

3. RESULTS
3.1 Steady-state airflow distributions

The steady-state airflow distributions are plotted as the velocity magnitude contours at the BZ
plane (the top row) and the vertical plane (the bottom row). Fig. 8 shows a selected case of U-H-
D-3 for different fan air speeds, i.e., 3 m/s (10 ft/s) (100% fan speed), 0.6 m/s (2 ft/s) (20% fan
speed) and 0 m/s (fan off). When the fan blows air downwards, both FS-3 and FS-0.6 create a
high-speed circular region under the fan with a lower speedcore directly under the fan. FS-3 has
an airspeed exiting the fan of 3.0 m/s (591 fpm), and most of the whole warehouse seems to be
well ventilated, especially in the horizontal plane. When the fan operates at the 20% speed, FS-0.6
shows that most of the region far from the fans at the horizontal breathing zone plane has a low
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speed except the regions closer to the fans, indicating FS-0.6 creates less air mixing in the whole
warehouse than FS-3. When the fan does not operate in the FS-0 case, most airspeed is less than
0.2 m/s (0.7 ft/s), and the thermal plume creates the major local airflow from the worker group,
besides the airflow through open doors and docks. When comparing the summer and winter
conditions, a stronger vertical and horizontal mixing (i.e., higher spatial speeds) are observed in
the winter than in the summer, especially for FS-0.6 and FS-0, as indicated by generally higher
airspeeds in the winter cases near the ceiling. Therefore, the steady-state airflow illustrates how
the whole warehouse is ventilated at different fan speeds. Similar trends are also observed for other
cases, the details of which can be found in the Appendix.

(1). Summer Condition

0 005 01 015 02 025 03 035 04 045 05
v > vz

(2). Winter Condition

005 01 015 02 025 03 03 04 045 05 ©
e — — -

(a) FS-0

Figure 8. Steady-state distributions of airflow velocity (m/s) for a selected case (U-H-D-3) for
three fan speeds (the dashed line is the location of the vertical plane) for (1) the summer
condition and (2) the winter condition.

3.2 Transient BZ average particle concentration distributions

Transient simulations of particle dispersions were conducted for eight hours' spreading based on
the steady-state airflow. First, all particle bins in Table 2 are simulated for a selected case (See
Appendix). It was found that 3 um is the dominating airborne particle with a representation trend
among all particles. So all the rest of the simulations are based on the particle size of 3 um.
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Figure 9. Transient Whole-warehouse Breathing Zone average concentrations (Summer).

Figure 9 compares the spatially averaged particle concentrations obtained from averaging the
particle concentrations at all grid cells in the whole warehouse breathing zone (BZ). It is observed
that:

= FS-3 (solid green lines) cases achieve the lowest average particle concentrations, FS-0.6 (solid
orange lines) have the highest concentrations, and FS-0 (solid red lines) fall between these two
cases at the BZ for all cases, except the early stage of releasing (<100 mins).

= The observed trend above can be clearly represented by the results at the end of the 8 hours,
so it is possible to focus on the analysis for the end of the 8" hour.

= At the 8-hour point, the lowest concentration among all cases is observed for the case U-H-D-
3 with FS-3 (100% fan speed), and the highest concentration for FS-3 is the case L-H-S-3 (i.e.,
the case with the packing line to the Left of the right-side fan and Horizontally/N-S placed
with Single-role workers standing 3 ft apart). Therefore, in later sections, we will focus on the
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analysis of the case of U-H-D-3. For example, a few extra cases were conducted to investigate
the impacts of the thermal plume ("noheat") and reversed fan blowing direction ("reverse").
When the fan operates at full speed (FS-3), it takes only around 4 hours to reach the steady-
state, whereas the particle concentrations keep increasing at the end of 8 hours for FS-0.6 and
FS-0.

3.3 Particle concentration distributions

We plot the concentration contours at the BZ for all cases at the end of the 8 hour in Fig. 10. The
results for the winter conditions are included in the Appendix.

When the fan is off (FS-0), a clear spreading trend from the docks to the doors (visually from
the bottom to the top portion in Fig. 10) is observed due to the infiltration flow from the loading
docks to the warehouse doors. The particle is unevenly distributed with local "hotspots" and
lower concentration regions near warehouse corners and the loading docks.

When the fan operates at 20% speed (FS-0.6), the particles more uniformly spread across the
warehouse with generally higher whole-warehouse concentrations than FS-0.

When the fan runs at 100% speed (FS-3), the whole-warehouse is well-mixed with the lowest
concentration for all cases regardless of the infector and packing line locations, consistent with
the previous observations. The last figure of Fig. 10 shows the spatial difference for FS-3 for
the max concentration = 2.6 #/m>. By observation, U-H-D-3 has the lowest concentration, and
L-H-S-3 is the highest, consistent with the previous conclusion.
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Figure 10. The whole-warehouse Breathing Zone (BZ) concentration contour at the end of the 8™

hour for FS-0, FS-0.6, FS-3 (52 #/m> max), and FS-3 (2.6 #/m>® max) (Summer).

3.4 Whole warehouse breathing zone and working zone concentrations

A quantitative comparison of the spatially averaged concentrations at the BZ and the working zone
(WZ) is shown in Fig. 11.

Again, FS-0.6 (solid orange bars) shows the highest BZ concentrations for all cases, and FS-3
(solid green bars) contributes to the best mixing and dilution with the lowest concentration.
In comparison, the WZ concentration is higher than the BZ for every case, and FS-3 again
shows the lowest concentration.

When the fan does not run, the WZ concentration is higher than when the fan operates at either
speed for all but one scenario. Apparently, at the 8" hour, the fan operation helps to reduce the
concentration level in the WZ through the dilution to the rest of the warehouse

For L-V-D-6, three more cases with racks were conducted: the racks result in lower
concentrations for all cases, but the difference is significant for the WZ. A more detailed
analysis of the rack impacts is discussed in a later section.

For M-V-S-3, when the fan direction is reversed, the BZ and WZ concentrations of FS-3 both
increase because of the lower airflow velocity in the space because of the reversal (note BZ
results are solid bars)

In comparison, FS-0.6 concentrations decrease after reversal, indicating a possible correlation
of fan speed to the average spatial concentration, and FS-0.6 seems the worst scenario with the
highest concentration.
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Figure 11. (a) Working Zone and Whole-warehouse Breathing Zone concentrations at the end of
8 hours; (b) transient concentrations; and (c) the concentrations at the 8" hour for U-H-D-3
(Summer).
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For U-H-D-3, similar observations were obtained except that the workers are directly under
the fan, so the fan reversal shows different trends for FS-0.6: the BZ concentration increases
after the reversal, indicating the reversed fan flow contributes to a better spreading from the
WZ to the rest of the warehouse.

For U-H-D-3, a few simulations (Figs. 11b and 11c) were conducted with the energy balance
equation disabled (i.e., "noheat" scenarios) to investigate the impacts from the thermal plumes.
It shows that the lack of thermal plumes has minimal impacts on FS-3 due to the fan momentum
effect, which essentially dominates the airspeed distribution within the warehouse and fully
mixes the air volume.

The thermal buoyancy clearly affects the FS-0 case, resulting in higher concentrations in both
BZ and WZ. The thermal buoyancy force is the primary driving force for the upward motion
in FS-0. Without it, the particles become stagnant and maintain a lower portion of the
warehouse close to the breathing zones.

For FS-0.6, the thermal buoyancy force acts in the opposite direction to the fan flow. So, when
it is disabled, the fan flow tends to dilute the working zone better to the rest of the warehouse
resulting in a lower WZ concentration but slightly higher BZ concentration.

A closer look at U-H-D-3 in Fig. 1lc also confirms the observations. Again, the BZ
concentration becomes the highest for the "FS-0.6-reverse" case, indicating that reversing the
fan at lower fan speed could significantly increase the whole-warehouse breathing
concentration and create a worse scenario.

On the other hand, for a given fan airspeed, the fan reverse could reduce the space air velocity
and thus less surface deposition (Egs. 5 and 6), and then higher BZ concentration. So, for such
a large warehouse, reversing the fan seems not preferred in terms of the whole warehouse
breathing zone.

4. DISCUSSIONS

This section discusses the findings for the key parameters, including fan speeds, thermal plumes,
surface depositions, working area arrangements, and racks. Although many CFD results are
available, it is impractical to discuss all the cases, so a representative case, U-H-D-3, is selected
for the analysis.

4.1

Impacts of fan speeds and thermal plume

Figure 12 shows the comparison of the particle concentration for U-H-D-3 to study the impact of
fan speeds. Note that the concentration levels are evaluated at the end of the 8™-hour operation for
the long-term exposure scenario.

FS-3 performs the best for both the BZ and WZ.

FS-0.6 with the reverse operation has the highest particle concentration at the BZ in the summer,
and FS-0 is the highest at the WZ in the summer.

With the fan direction reversed in the summer, the FS-3 performance worsens, and FS-0.6
performs better for the WZ but worse for the BZ.

In the winter, FS-0 creates the worst situation for both BZ and WZ, so the fan running in the
winter helps to reduce the concentration levels in the warehouse. However, reversing the fan
in the winter does not necessarily contribute to lower concentration levels in BZ and WZ.

In the summer, FS-3 with downward airflow always performs the best, so the fan should run
at a higher speed.

The impact of fan speeds is apparently not linear or monotonic.
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Figure 12. Comparison of fan operations for U-H-D-3 based on the 8™-hour concentration.

To investigate the fan speed impact further, we conducted a series of extra simulations of the fan
speeds including 0.9 m/s (3.0 ft/s) (30% fan speed), 1.2 m/s (~4.0 ft/s) (40% fan speed), 1.5 m/s
(5.0 ft/s) (50%), 1.8 m/s (6.0 ft/s) (60%), 2.1 m/s (7.0 ft/s) (70%), 2.4 m/s (8.0 ft/s) (80%), and 2.7
m/s (9.0 ft/s) (90%). Fig. 13a shows that:

= For the average whole-warehouse breathing zone concentration, FS-0.6 remains the worst
scenario in terms of the highest particle concentration.

=  FS-0.9 and FS-1.2 also result in higher concentrations for most of the time than when the fan
is off (FS-0), although, for FS > 1.2 m/s (4.0 ft/s), a higher FS contributes to a lower BZ
concentration.

If we focus on the concentration at the 8" hour, Fig. 13b illustrates the correlations of the BZ (or
BZ) and WZ concentrations (the Y 1-axis) and relative reduction with FS-0 as the baseline (the Y2-
axis) versus the fan speeds. For the WZ, increasing fan speed always benefits, whereas the fan
speed of 0.6 m/s (2 ft/s) (FS-0.6) creates the highest BZ concentration level. Therefore, Fig. 13b
provides essential information on how fan speeds impact the BZ and WZ concentrations.
Meanwhile, we extracted the “fan zone” (Fig. 13c) velocities in Table 3 to provide the spatial speed
values at different fan airspeeds. For example, the maximum air velocity in the fan zone is 4.4 m/s
(866 FPM) for the fan operates at full speed of 78 RPM. This corresponds closely with the
measured data [10], indicating that the maximum speed below a fan is approximately 1.6 times the
fan airspeed. The combination of Fig. 13b and Table 3 provides useful information on spatial
airspeed and particle concentration distributions under various fan operations.
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Figure 13. (a). Transient BZ, and (b) the 8®-hour BZ and WZ concentrations and relative
concentration reduction (with FS-0 as the baseline), and (c) the cylindrical shape of “fan zone”
(radius =2.5 x 3.05 m = 7.6 m or 25 ft) for the fan velocity analysis of U-H-D-3 (Summer).
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Table 3 Fan air speed and airflow rate data in the fan zone for the case of U-H-D-3.

Fan Fan Air Speed Airflow Average Air Average Maximum Air

Fan Speed Speed Leaving Leaving Speed at Slide Fz}n Zone? Speed in Fan
Speed | Percent Fan(Eq.7) Fan Surface Air Speed Zone
Label (Koll,\;?)x RPM | (m/s)[FPM] | (m?s) [efm] | (m/s) [FPM] | (m/s)[FPM] (m/s) [FPM]
FS-0.6 20 16 0.6 [118] 18 [38,400] 0.2 [39] 0.4 [79] 1.0 [197]
FS-0.9 30 23 0.9 [177] 27 [57,600] 0.3 [59] 0.6 [118] 1.3 [256]
FS-1.2 40 31 1.2 [236] 36 [76,800] 0.4 [79] 0.8 [157] 1.7 [335]
FS-1.5 50 39 1.5[295] 45 [96,000] 0.5 [98] 1.0 [197] 2.2 [433]
FS-1.8 60 47 1.8 [354] 54 [115,200] 0.6 [118] 1.2 [236] 2.5[492]
FS-2.1 70 55 2.1[413] 63 [134,400] 0.7 [138] 1.4 [276] 2.9[571]
FS-2.4 80 62 2.4[472] 72 [153,600] 0.8 [157] 1.7 [335] 3.4 [669]
FS-2.7 90 70 2.7[531] 82 [172,800] 0.9[177] 1.9 [374] 3.8 [748]
FS-3.0 100 78 3.0 [591] 91 [192,000] 1.0 [197] 2.1 [413] 4.4 [866]

I“side surface” is the side of the cylinder of the fan zone colored by yellow in Fig. 13c.
2“fan zone” is a cylinder around the fan center with a height of 1.7 m (5.6 ft), as shown in Fig. 13c.

To explain why the BZ concentration peaks at about 0.6 m/s (2 ft/s) fan speed in the summer, we
selected three horizontal planes, i.e., "Above fan" "Under fan" and "Breathing zone" (the whole
warehouse breathing zone), as shown in Fig. 14. Fig. 14 shows that the high-concentration region
is lower and narrower in the summer than in the winter. A stronger thermal plume in the winter
moves the particles to the higher level of the warehouse near the roof and creates a stronger vertical
spreading in both directions.
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Figure 14. The selected planes (dashed lines) for the thermal plume study (U-H-D-3, FS-0.6) for

the (a) Summer and (b) Winter cases.

Figure 15 extracts the transient average concentrations for the summer case:

= For FS-3, all three zones have the same particle concentrations regardless of the energy
equation enabled (by default) or disabled (i.e., "noheat"). So, FS-3 indeed creates a fully mixed
zone.
= For FS-0.6, with thermal buoyancy (or the energy equation) enabled, particle stratification
develops with the highest concentration at the "Above fan" plane and the lowest at the BZ.
When the energy equation is disabled, the vertical distribution is reversed, with the BZ
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concentration reaching the highest, which is reasonable because it is closer to the particle
source. However, the overall concentrations are higher than when it is disabled. So, the thermal
plume dilutes the particle to the warehouse higher level.
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Figure 15. Transient BZ particle counts (#) for (a) FS-3; (b) FS-0.6; (¢) FS-0; and (d) Fluid zone
total particle counts for all three cases of U-H-D-3 (Summer).

= For FS-0, since the thermal plume primarily drives the flow, the most substantial stratification
exists with the highest concentration at the top portion of the space. However, when the energy
equation is disabled, the stratification is significantly reduced. This is one of the reasons why
the BZ concentration is higher for FS-0.6 than FS-0: thermal plume tends to elevate the particle
to the higher level against the fan downflow direction, so a potential stagnation region near the
source could be formed, as shown by Fig. 14a.
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= To explain why FS-3 performs the best, we conducted three steady-state particle simulations
for the three fan speeds. Fig. 15d compares the total particle counts of the fluid zone in the
whole warehouse. It shows that FS-3 reaches steady-state around 200 mins, whereas the
steady-state is not reached even at the end of the 8™ hour for the two other cases, which again
indicates a much slower mixing process in these two cases than FS-3.

= A shorter transient process is a result of a faster balance of particle generations and losses. The
highest air velocity and the strongest dilution from FS-3 maximize the losses through both the
doors and the surface deposition velocities and thus deposition rates. Therefore, FS-3 reaches
the steady-state the fastest for the same particle generation rate with the lowest BZ
concentration among all cases.

= Therefore, the BZ concentrations under various fan speeds are subject to the combined impacts
of fan speeds, thermal buoyancy, and losses through surface depositions and doors. These
combined impacts explain the higher concentration of FS-0.6 among all speeds.
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Figure 16. Comparison of concentration for the winter and summer conditions at the (a) Whole-
warehouse Breathing Zone and (b) the Working Zone.

To investigate the impacts of different seasons, we conducted a series of simulations for the winter
scenarios and compared the results to the summer cases in Fig. 16. There were no heating devices
added to this case. The reason not to include heating devices is to avoid the local thermally-driven
airflow patterns, which could be created from these heating devices so that the results may be case-
dependent. The corresponding results without the heating devices are also associated with a
stronger thermal buoyancy than with them. In other words, the impacts of the thermal buoyancy
from workers could be overestimated in the current setup. Fig. 16 shows that FS-3 has a similar
performance in both seasons, which is not surprising because of the dominating momentum-driven
flows from the fan. The working zone concentrations for different fan speeds are not quite affected
with the higher concentration in the summer than the winter for FS-0 and FS-3, whereas FS-0.6
has the lower concentration in the summer generally than in the winter. In the winter, all cases are
with higher whole-warehouse breathing zone concentrations than in the summer except FS-0.6.
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FS-0.6 (summer reverse) is with the highest level of breathing zone concentration among all
scenarios. This indicates the importance of fan flows to create a certain level of “breeze”. For FS-
0.6, the whole-warehouse breathing zone concentration is lower in the winter case than the summer
because of the stronger buoyancy-driven flows, as also previously shown in Figures 8 and 17. For
FS-3, the whole warehouse is well mixed in both winter and summer cases, so the difference is
minimal. Fig. 16 also shows that reversing the fan in the winter always causes higher
concentrations in the breathing zone and working zone as a result of reduced airspeeds in the space
and thus fewer particle losses. The Appendix compares the airflow and concentration distributions
for both seasons after reversing the fan.

(a). Summer Condition

FS-0 FS-0.6 FS-3

(b). Winter Condition

i . N

0.026 0.056 0.12 0.25 0.54 1.2 25 5.3 1 24 52

Figure 17. Comparison of the Whole-warehouse Breathing Zone concentrations (#/m?) at the end
of the 8™ hour in the (a) Summer Condition and the (b) Winter Condition (U-H-D-3).

4.2 Impact of working area arrangement
=  Whole Warehouse Breathing Zone Concentration

Figure 18 compares the impacts of the packing line and worker arrangements on the BZ
concentrations. Each box chart column result shows the lowest, the highest, the average, the
medium, the 25%, and 75% quantile concentrations among a total of eight cases. For example, the
“bz_FS-0_V” is for the whole-warehouse breathing zone concentration of the eight FS-0 cases
with the vertical packing line (see the 1% and 3™ rows in Fig. 10).

28



o

(@)

The box charts show that FS-3 is always with the lowest BZ concentration regardless of the
packing line direction and location or the worker locations;

There is no noticeable difference for different packing line and worker arrangements for FS-
0.6;

For FS-0, the vertical packing line seems better than the horizontal, and placing the packing
line in the middle of the two fans seems better than the other two placements; Single-row
worker seems better than double row, and 6 ft distance is better than 3 ft, whereas the difference
is not significant.
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Figure 18. (a) Impact of packing line location and (b) impact of worker arrangement on the

whole warehouse breathing zone concentrations for all cases (Summer).
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Impact of worker arrangement
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Figure 19. (a) Impact of packing line location and (b) impact of worker arrangement on the

working zone concentrations for all cases (Summer).

For the working zone particle concentrations (Fig. 19),

o

o

All FS-3 conditions have the minimum concentrations regardless of the packing line locations
and work arrangements.

For FS-0.6, the situation is complex, and no consistent conclusions can be drawn compared to
the BZ cases: a wider band of variation is observed among different cases. However, all but
one of the 16 scenarios show a reduction in concentration when comparing an FS-0.6 case to
its otherwise identical FS-0 case. For FS-0, more variations are observed than FS-0.6 because
the WZ concentrations could be subject to the combined impacts of multiple factors mentioned
previously.

4.3 Impact of racks

Figure 20 compares the impact of racks for the BZ concentrations and the total fluid zone particle
numbers for one selected case of L-V-D-6.

For FS-3 and FS-0.6, the concentrations with the racks are close to those without them, while
FS-0.6 has lower concentrations with the racks than without.

For FS-0, the racks contribute to a lower concentration than the no-rack scenario, as both
figures show. The racks seem to straighten the airflow in the E-W direction of the warehouse.
The lower velocity inside the porous media region also slows down the spreading of particles
in the warehouse resulting in a lower concentration in the whole warehouse. A visual
comparison can be further examined for the results in the Appendix.
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Figure 20. Comparison of the transient (a) whole-warehouse breathing zone concentrations and
(b) the fluid zone total particle counts with and without racks for L-V-D-6 (Summer).

5. CONCLUSIONS

This study investigated the transient particle dispersions in an industrial warehouse based on the
US DOE warehouse reference building model when an infector releases particle source from loud
speaking (shouting). 223 CFD simulations were conducted for different fan speed operations,
working area and worker arrangements relative to the fans, and other simulations, including the
impacts of thermal plumes, warehouse racks, and steady-state dispersions. The well-established
Drift-flux model simulated particle dispersion and deposition. The fan rotation is modeled by the
moving reference frame model. Both models were validated by the literature data.

Based on the parametric simulations, the following major conclusions are reached:

= Of the options for operating the fan (different speed or direction), operating the fans at the
highest feasible speed consistently outperforms the other options.

= However, operating fans at the maximum speed generate high airspeeds in the occupied zone,
which will not be practical in some conditions, for example, as it would cause thermal
discomfort in cold indoor conditions. Where lower airspeeds are preferred: FS-3 reverse is a
good option, although it is not as good as FS-3 with the downward flow.

= Reversing fans at higher fan speed (e.g., FS-3) reduces the performance compared to before
reversing.

= Reversing fans at lower fan speed (e.g., FS-0.6) may reduce the whole warehouse airflow speed
and thus lower diluting effect, so the whole warehouse concentration could become higher.

= The effects of thermal plumes from workers on the vertical particle spreading are significant,
especially for still air cases; local air mixing and movement could help to dilute and reduce the
chance of creating local hotspots

Based on the above conclusions, the following LDCF guideline is developed, which combines
particle concentration considerations with thermal comfort constraints in practice. It is primarily
intended for an audience of building operators or other individuals with control over the operation
of fans in large spaces that are sparsely occupied.
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Where are Summer conditions Winter conditions

most occupants

located?

Close to the Operate fans Operate fans at the highest feasible speed that

fan(s) downwards, at high does not cause draft, in either forward or
speed reverse, whichever approach was used pre-

pandemic!

Far from the Operate fans Operate fans at the highest feasible speed,

fan(s)? downwards, at high forward or reverse, whichever approach was
speed used pre-pandemic?

Notes: Green/yellow/red color coding is an approximate indicator of how clear the effect was in
the simulated scenarios.

1: Simulations show slightly lower concentrations for reverse vs. forward at the same low speed,
but it is based on a much smaller number of simulated scenarios (2 vs. 16 for typical forward
direction scenario) and is a small effect given simplifications and assumptions in the model, so we
advise to retain the direction used pre-pandemic for simplicity. However, if reversing the fan
allows for substantially higher fan speeds while avoiding draft at occupied level, then it is likely
that this is the better option.

2: Simulations show a slight increase in average whole-warehouse breathing level concentration
for fans at low-speed vs. off. However, the distribution is far more uniform across the entire
warehouse (i.e., there are no "hot spots"). Based on feedback from the science team, overall, this
homogeneity is still likely a net advantage. Because although people may be far apart a lot of the
time, they will still meet and interact more closely during the workday, and here more mixing (i.e.,
dilution) is beneficial. Lastly, the still air results depend highly on model assumptions and
simplifications (e.g., the effectiveness of plume, lack of local mixing, racks present vs. not, etc.),
and this small difference could be an artifact of those.

3: For context, "far from the fans" could be defined as when most occupants spend the majority of
the day at locations more than three fan diameters from the center of a fan.

A simplified version of the guideline is also included:

* Primary target audience: building operator in a facility with existing fans, or (secondary) a
designer

»=  Where feasible, open doors or windows and operate fans as they will increase ventilation
airflow through these openings.

= Avoid locating occupants immediately downstream of each other for extended time periods.

= (Qperate fans at the highest feasible speed while maintaining occupant comfort in the space.

= At high fan speeds (e.g., summer conditions), the simulations show a notable reduction in
concentration

= At low fan speed, the simulations show a slight reduction in concentration in the region close
to the fan (e.g., within two fan diameters) and no practical difference outside that region.
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6. LIMITATIONS

The data, results, conclusions, and guidelines in this report were obtained based on the numerical
simulations, subject to underlying assumptions as presented in Section 2.5 of this report, so a few
limitations are summarized:

» The proposed LDCF guidelines are based on the relative reduction of the BZ and WZ particle

concentration levels. Therefore, they do not imply any safe/unsafe conditions but suggest the
fan operation strategy for a relatively lower particle concentration in the space.

The results for the still air (FS-0) cases are more dependent on the assumptions than the FS >
0 cases, as the fan momentum-driven airflows tend to dominate the air distribution in the space
when the fan operates. Therefore, a slight change to these assumptions (less effective thermal
plume, more mixing effects from people/vehicles movements, different or unsteady ventilation
flows through windows and doors) could have a relatively large impact on these FS-0 cases'
results which would affect the overall conclusions.

As we have modeled, the significant reduction in concentrations for the FS-3 scenarios is
primarily due to dilution and losses through depositions. So, the results depend on the accuracy
of the deposition model, without which the predicted concentrations would be higher, and the
conclusions could be different.

The warehouse of interest has a large volume space and is sparsely occupied, so the conclusions
may not apply to other cases otherwise, such as a space with a small volume and/or densely

occupied.
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10.Appendix
= Impact of particle diameters (U-H-D-3, FS-3)

The particle concentration for different particle diameters in the Whole-warehouse Breathing
Zone and the Working Zone (U-H-D-3, FS-3) (Summer).

Breathing zone concentration for different particles Working zone concentration for different
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= Steady-state airflow distributions at the whole-warehouse breathing zones for all cases

FS-0

Max = 0.3 m/s

contour-1
Velocity Magnitude
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o

Velocly Magnt — -
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= Impact of racks (L-V-D-6)
Whole warehouse breathing zone particle concentration at the end of the 8™ hour
o Full fan speed — FS-3

0.026 0.28 0.54 0.8 11 13 16 1.8 21 23 26

o 20% fan speed — FS-0.6

0.026 27 53 7.9 1 13 16 18 21 24 2%

o Fan off — FS-0

0.026 0.056 0.12 0.25 0.54 1.2 25 53 1" 24 52
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= [Impact of wall temperatures in the winter

o  Airflow patterns for different winter surface temperature settings (U-H-D-3, FS-3)
I 20000 Tmmmmmm  ——

o 0.24 0.48 0.72 0.96 1.2 1.4 1.7 1.9 2.2 24

Surface Temperature = 104 C~11.6TC Surface Temperature = 16 C

o Concentration distributions for different winter surface temperatures (U-H-D-3, FS-3)

Surface Temperature = 10.4 T~ 11.6C Surface Temperature = 16 C

-

0.026 0.056 0.12 0.25 0.54 1.2 25 53 11 24 52
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= Impact of fan reversing

o Airflow patterns for reversing fan in the summer (U-H-D-3)

FS-0.6_reverse FS-3 reverse
|
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 05 0 0.24 0.48 0.72 0.96 12 14 17 19 22 24

o Airflow patterns for reversing fan in the winter (U-H-D-3)
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o Concentration distributions when reversing fans in the summer (U-H-D-3)

FS-0.6_reverse FS-3 reverse
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o Concentration distributions when reversing fans in the summer (U-H-D-3)
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