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Localized air-conditioning with upper-room UVGI to reduce airborne

bacteria cross-infection
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Abstract

Localized airflow can result in both temperature and pollutant concentration segregations with
limited mixing between adjacent environmental zones. However, when the bacteria source is
within the environmental zone, it becomes important to look for effective methods to disinfect
the localized air and prevent cross-infection among occupants in the same zone. This work
investigates the effectiveness of upper-room ultraviolet germicidal irradiation (UVGI) in reducing
airborne bacteria transmission within a zone conditioned by localized ceiling-mounted air-
conditioning system that recirculates return air. A computational fluid dynamics (CFD) model was
developed to simulate the transport and inactivation by UV of Serratia marcescens, an extremely
UV-susceptible microorganism. The CFD-UV model was validated using measurements of airflow,
temperature, and UV irradiance. Numerous CFD simulations were performed for a case study to
determine the maximal fraction of return air that can be recirculated for energy conservation without
violating the indoor air quality standards for CO, and bacteria concentrations. Results revealed
that a maximum of 23% return air can be tolerated when minimal UV output of 15 W is delivered
to the space. The use of the optimal setting reduced the energy consumption of the system by 15%
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compared to 100% fresh air case without UVGI.

1 Introduction

Indoor air bacterial contamination is a major source of
reduced indoor air quality (IAQ) as buildings have become
tighter at controlled fresh air intake to conserve energy
(Schmidt et al. 2012; Memarzadeh and Xu 2012). In fact,
infected occupants continuously emit bioaerosols, including
bacteria and viruses, when talking, breathing, coughing and
sneezing. The bacteria concentration in the air exhaled by
sick people may range from 700 to 13000 colony forming
units (CFU) per m*® depending on the disease type and
expiratory activities (Xu et al. 2012; Wainwright et al.
2009; Fennelly et al. 2004). Therefore, IAQ should not be
determined only based on the CO, concentration levels in
the conditioned space, but also on the bacteria concentration
especially in presence of indoor sources of pathogenic bacteria
and viruses that have public health effects (Rudnick and First
2007; Li and Zhao 2012). While a maximum of 700 ppm of
CO; is permitted at the breathing level (ASHRAE 2007a),

E-mail: farah@aub.edu.lb

the WHO standard (1988) recommends not more than 100
CFU of bacteria per m* of air for hospital environments
and 500 CFU/m’ for office spaces. In the airborne mode of
disease transmission, pathogens are carried by “droplet nuclei”
of 1-5 um which settle from air slowly and can reach the
alveolar region of the lung. The term “droplet nuclei” was
introduced by Wells (1934) as being the dried residues of
expiratory droplets smaller than 100 um. However, the study
of Nicas et al. (2005) showed that an exhaled droplet larger
than 20 um cannot become a “droplet nucleus”. However,
pathogen-carrying particles of aerodynamic diameter between
5 and 100 pm can be inhaled into and deposit in the head
airways region of the respiratory system (Miller et al. 1979).
Particles of this size or larger can also be removed from air
by rapid gravitational settling and deposition onto solid
surfaces. Nevertheless, when a susceptible person is in the
proximity of an infected person, a relatively large particle
can be airborne long enough to be inhaled by the exposed
person.
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List of symbols

C concentration of microorganisms (CFU/m?)
CFU colony forming unit

D Brownian diffusivity (m?*/s)

dp particle diameter (m)

D, particle eddy diffusivity (m?/s)

E UV irradiance (W/m?)

IAQ indoor air quality

PPD percentage of people dissatisfied
S microorganism survival rate

Sc Schmidt number

U air velocity (m/s)

Uq particle deposition velocity (m/s)
u' friction velocity (m/s)

udf user defined function

Z bacteria susceptibility to UV (m?/])
n return air ratio

v kinematic viscosity of air (m?*/s)

The dispersion of bioaerosols in indoor environments
greatly depends on the air distribution system (Lindsley et al.
2012). Convective mixing systems result in spreading airborne
pathogens and then increase the potential cross-infection
among all occupants in the conditioned space. In contrast,
the localized air-conditioning systems divide the conditioned
space into environmental zones with minimal mixing between
the adjacent zones. Such air distribution systems include a
peripheral angled four-sided ceiling diffuser which forms a
canopy for localizing airflow around the targeted occupied
zone and a central return vent.

An environmental zone is eventually localized by the
supply jets from the ceiling unit. This air distribution system
focuses on improving microclimate comfort and IAQ of
regions in the space instead of the whole space as needed
particularly in large office spaces and workplaces with pro-
cesses exposing workers and others to airborne contaminants.
Lo and Novoselac (2010) used localized airflow distribution
system to divide an open cubicle office into thermally and
pollutant independent virtual zones without solid partitions.
They reported savings of 12% on total cooling energy were
reported to be achieved while providing better IAQ.

Localized air conditioning systems have been tested for
their effectiveness in localizing the air conditioning needs
of occupants in a given zone (Oh et al. 2014). However, this
characteristic will also localize the infectious particles in the
presence of an infected person within the localized zone
and hence increase the chance of cross-infection inside this
zone. This leads to having to increase ventilation requirement
to meet acceptable microbiological air quality which would
result in higher cooling load and energy consumption. For
that reason, several methods have been introduced to disinfect
supply air in the duct or in the space. In-duct methods include
the use of high performance air filters to trap bacteria or
the use of high intensity ultraviolet (UV) irradiation lamps
to inactivate bacteria. These methods are effective but still
impose additional energy costs associated with increased
pressure drop across the filters (Joubert et al. 2011) and

increased UV intensity to compensate for the short residence
time of air in ducting system (Beggs et al. 2000; Kujundzic
et al. 2007). In-space method such as upper-room UVGI
presents an alternative less costly method for cleaning the
air especially when having air circulation that drives air to
reside long enough in the upper zone of the room to be
exposed to UV irradiation (Sung and Kato 2009; Noakes
et al. 2004).

The aim of this work is to investigate the performance
of upper-room UVGI in enhancing the microbiological air
quality and energy performance in zones conditioned by
localized air distribution systems recirculating return air in
presence of infected occupants. The use of UVGI would
maximize the amount of return air that can be used and
then increase the energy efficiency of the system. A CFD
modeling approach was used to simulate the flow and thermal
fields and airborne transport of bacteria with and without
the use of upper-room UVGL In this study interest focuses
on pathogen-carrying particles of 5um or smaller. The
developed CFD-UV model was validated using experimental
measurements of airflow, thermal fields, and UV irradiance.
The validated CFD-UV model was applied on a case study
to investigate the effect of return air ratio on IAQ and
energy consumption in a hypothetical space with localized
air conditioning with and without the presence of upper-room
UVGI. The model will be used as a design tool to determine
the effectiveness of the upper-room UVGI system and the
optimal return air ratio for maximum energy savings at
acceptable indoor air quality.

2 Methodology

The localized air system is designed to establish cool air
curtain surrounding the occupied zone and withdraw air from
the ceiling exhaust diffuser at the center of the curtained zone
where the peripheral angled four-sided diffuser supplies cool
fresh air and forms a canopy for localizing airflow around
the occupied zone. This configuration insures that air from
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the conditioned zone in the space is returned to the ceiling
exhaust in the zone center to prevent the spreading-out of
the supply jets and then maintain the localization.

To assess the performance of the proposed integrated
UVGI with the localized airflow 3D detailed CFD model
was developed using ANSYS Fluent 14.5 (ANSYS 2012) to
investigate the flow, thermal, CO, and bacteria concentration
fields in a UVGI test chamber available at the American
University of Beirut equipped with localized air distribution
system. The description of the room will be detailed in the
experimental section. The dispersion and UV inactivation
of Serratia marcescens were estimated using the Eulerian
approach where the bacteria are treated as a continuum
and its conservation equations are developed on a control
volume basis and in a similar form as that for the fluid (Zhang
and Chen 2007). S. marcescens is an airborne gram-negative
bacterium that has the shape of rods with 0.5-1.0 pm diameter
and length less than 2 um and might cause nosocomial
infections. This bacteria type is widely used in UVGI research
because of its abundant presence in the environment and high
sensitivity to UV (Lai et al. 2004; Ko et al. 2000). In this
work, the susceptibility constant of the bacteria is derived
from single-pass experiments and may be slightly lower when
airborne microorganism passes more than once between UV
and non-UV zones in an upper-room system (Beggs et al.
2000; Xu et al. 2003; Gilkeson and Noakes 2013).

A set of air velocity and temperature measurements were
made in the experimental UVGI test chamber to accurately
determine the boundary conditions for the CFD simulations.
The UV field of the upper zone of the UVGI test chamber
was also measured to validate the UV irradiance distribution
used in the simulations. Another set of measurements were
made in the UVGI test chamber to validate the CFD results
for flow and thermal fields. The validated CFD-UV model
was used in a parametric study of the use of return air for
minimizing cooling energy consumption and upper-room
UVGI efficacy in enhancing microbiological air quality. The
simulation parameter was the return air ratio constrained
by the IAQ requirements and determined with and without
the presence of the UV field.

2.1  CFD methods

Steady-state CFD simulations of the test room were carried
out using the commercial software ANSYS Fluent 14.5. It is
necessary that the developed CFD model can accurately
estimate the angled jet entrainment and mixing. Therefore,
selection of appropriate and applicable turbulence models
and buoyancy effects is important for accurate modeling.
The use of experimentally determined boundary conditions
for the supply angled jet diffuser influences the numerical
predictions of the flow field.

The momentum method was used for air diffuser
simulation where a simplified diffuser model is used to
account for diffuser performance or the velocity field in the
vicinity of the diffuser exit is used to predict the penetration
and spread of the air jet into the room (Srebric and Chen
2001). The airflow was simulated using the standard k-¢
turbulence model which is known to produce valuable,
accurate and experimentally validated results (Speziale 1987;
Wan and Chao 2005). In fact, accurate airflow and thermal
field produced by CFD would result in accurate estimation
of the distribution of gases and other passive scalar matters
(such as droplet nuclei) that are transported by the air. The
“Boussinesq” approximation was used to account for thermal
buoyancy. Three versions of the computational mesh were
generated of Mesh 1 (2.1 M elements), Mesh 2 (3.5 M
elements), and Mesh 3 (5.2 M elements) to test the grid
independent solutions for the airflow patterns using structured
fine tetrahedral grid. Comparing the relative differences in
the bacteria concentrations at the room exhaust given by
the three grid systems, Mesh 2 was selected (Fig. 1) where
the concentration values ceased to change drastically (change
of less than 5%). The grid size is consistent with grids used
by other researchers for similar applications (Gilkeson and
Noakes 2013).

Mesh quality was ensured with maximum cell skewness
less than 0.9. The option of “standard wall function” is
activated (Ariff et al. 2009) requiring the y* to be within 30
and 300 (Chmielewski and Gieras 2013) to ensure adequate
meshing of the wall turbulent boundary layer containing the
particle deposition boundary layer (Lai and Nazaroft 2000).
Pressure outlet boundary condition was imposed at the
exhaust. The first order STANDARD scheme was used for the
pressure term, SIMPLE algorithm was used for coupling
pressure and velocity, and second order discretization of the
governing equations was used (Patankar 1980).
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Fig. 1 Generated grid of the modeled room at a symmetry plane
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It is also important to ensure that the numerical results
are stable and converged and do not exhibit transient behavior
due to instabilities in the buoyant flows. To obtain a valid
steady state solution in presence of buoyancy forces, the
under-relaxation factors were manipulated to dampen the
flow oscillations that may arise. After many trials, the final
combination of relaxation factors used was: 0.3 for pressure,
0.7 for density, 0.7 for body forces, 0.3 for momentum, 0.8
for turbulent kinetic energy, 0.8 for turbulent dissipation
rate, 0.8 for turbulent viscosity, 0.9 for energy. Numerical
convergence was judged using several criteria: scaled residuals
reported by Fluent should reach a minimum value of 5x107
and the stabilization of the temperature, velocity and bacteria
concentration values in the room and at the room exhaust,
but convergence was not reached until the net fluxes of
mass and heat were below 1% of the total values (Makhoul
etal. 2013).

Throughout the simulations, a constant generation rate
of 0.6 L/min of CO,at 34 °C was attributed to each cylinder,
and two of the cylinders represented infectious cases emitting
each 1400 CFU/min of S. marcescens bacteria by breathing
and talking (Vanscier et al. 2011; Singh et al. 1995). Both
carbon dioxide and bacteria were emitted from a circular
orifice of area 1.2 cm? on the side of cylinder and at height
of 1 m simulating the human mouth opening (Gupta et al.
2010). A refined face sizing with an element size of 0.4 mm
was attributed to this orifice defined in the computational
domain. The breathing layer is defined in the CFD domain
as being the horizontal air layer between z=0.88 m and z =
1.22 m.

2.2 Bacteria transport and UV inactivation modeling

The Eulerian method was used to simulate the airborne
transport of pathogens in the room. The majority of particles
emitted by normal breathing are much smaller than 20 um
(Papineni and Rosenthal 1997; Morawska 2006). These
particles evaporate within a few milliseconds to become droplet
nuclei (1-5 pm) that sustain in air for long periods of time.
Therefore, gravitational settling would be reasonably neglected.

The CFD code will then solve the following transport
equation of bacteria concentration in the domain given by
(Noakes et al. 2004; Hathway et al. 2011):

V-(UC)-V-[(D+D,)VC]-ZxExC=0 (1)

where U is the air velocity field, C is the microorganism
concentration, D is the Brownian diffusivity, Dy is the particle
eddy diffusivity, and Z is the microorganism susceptibility
to UV. Ko et al. (2000) reported a Z-value of 0.57 m*/] for S.
marcescens at RH between 49% and 62%. The last term,
ZxExC, in Eq. (1) is a spatial sink term that represents the

rate of inactivation due to the UV field where E is the UV
irradiance at the centroid of a grid cell.

The spatial distribution of UV irradiance in the modeled
space is determined using the model of Wu et al. (2011) for
bare and louvered UV lamps. This model is based on thermal
radiation view factors, which define the amount of diffuse
radiation transmitted from one surface to another. The
irradiation reflected by the room surfaces was neglected
assuming diffusive enclosures. This is a valid assumption in
large spaces due to the substantial drop in intensity far away
from the fixture (Gilkeson and Noakes 2013). Wu et al. (2011)
model was reported to be more precise in prediction of UV
intensity near lamp field with error less than 0.1 W/m? than
in remote region (more than 2 m away), where the irradiance
is close to zero. In this work the adopted model will be
validated by experimentation as presented later. The estimated
UV field using Wu et al. (2011) model was incorporated to
the CFD code through a user-defined function (udf) that is
a supplementary program written in C++ which computes
the UV irradiance intensity at the centroid of each grid cell.

To simulate the return air recirculation in the air
distribution system, an additional user-defined function was
developed and incorporated to the CFD code to represent
the following species boundary condition at the supply:

C

supply

= rlcexhaust + ( 1— TI ) Coutdoor (2)

where 7 is the return air ratio. It was assumed that the air filter
in use is of MERV 1 efficiency. This typical filter is inefficient
in capturing particles smaller than 5 um (ASHRAE 2007b).
It was also assumed that the outdoor CO, concentration is
400 ppm and outdoor bacteria concentration is zero.

The deposition of bacteria is neglected throughout this
work except on the room walls where the deposition of
bacteria-carrying particles may be significant due to downward
and angled supply jets.

To account for the bacteria deposition effect, the nominal
concentration on a vertical wall is defined by Gao and Niu
(2007) as

C —c.-c.u, -V _ 3)

cell cell ¥ d D 4 D
t

wall

where Cyanis the nominal particle concentration on a vertical
wall that serves as the boundary condition for Eq. (1), Cear
is the concentration in the near-wall grid cell beyond the
concentration boundary layer, 8y is the distance between the
grid cell center and the wall, and Uy is the particle deposition
velocity that is calculated as follows (Lai and Nazaroft 2000):

u*
U, =— 4.1
d I ( )

where " is the friction velocity and I is an integral number
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defined as S CCUV 5)
I =3.645¢*(a—b) +39 (4.2) ’
The two numbers a and b are evaluated as follows: wlllere Co a'nd Cuv are the concentrz?tions of the viable
microorganism at the concerned location before and after
1 1 (10.928¢ ' 4 4.3)° UV exposure respectively.
T2 s+ 0.0609 _
8.6—10.928c 13 3 Experimental methods
++/3arctan ﬁ} (4.3)
10.92v35¢ The experiments performed in this work aims to (a) obtain
1. | (10.928¢7 2 +r*)? accurate flow and thermal boundary conditions to be used
b= 51 Sc' +7.669¢ (rt)? as inputs of the CFD model, (b) validate the UV field used
27t —10.928¢ 13 to define the bacteria inactivation term in the simulations,
+/3arctan W] (44)  and (c) validate the CFD estimations of indoor air tem-
. perature and velocity. According to Chen and Srebric (2000),
Sc is the Schmidt number and r* is defined as validating the flow and thermal properties obtained at the
. boundaries is the most important for accurate estimations
= dzpu (4.5)  in ventilation problems. Flow and thermal parameters near
1%

where d, is the particle diameter and v is the kinematic
viscosity of air.

The effectiveness of the UVGI in inactivating a particular
microorganism (disinfection rate) at a certain location is
evaluated as being equal to 1-S, where S is the microorganism
survival rate which is defined by

boundaries and at inlets have the highest spatial gradients.
For that reason, the supply jet velocities and near body field
temperature were measured and compared to CFD values.
Experiments were conducted in an external full-scale
UVGI test chamber with dimensions 2.80 m (L) x 2.80 m
(W) x 2.77 m (H) conditioned with localized air distribution
system (Fig. 2). Air is supplied at a rate of 18 ACH and
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Fig. 2 Schematics of the climatic room (a) side view, (b) top view, (c) side view showing the positions of wall temperature measurements,
and (d) top view showing the locations of the actinometrical measurements
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temperature of 16 °C through the four 45-angled slots of a
ceiling diffuser and extracted from the room through a return
vent (see Fig. 3). The upper-room UVGI system consists of
three bare 18 W UV lamps of 35.6 cm length and 1.54 cm
diameter each (Model UVG18 at rated power of 25 W and
lamp power of 18 W, Dinies, Germany) with reflectors that
are made of highly reflective stainless steel. The UV fixtures
are mounted horizontally on three different walls at a
height of 2.3 m from the floor. Four heated cylinders each
of 0.3 m diameter and 1.2 m height are placed in the room to
simulate four seated persons of heat output 100 W each. The
lighting load is typical of 12 W/m?>.

3.1 Airflow measurements

The velocity and turbulence measurements were taken at
the outlet of one of the four identical supply slots using
uni-directional hot-wire anemometers manufactured by TSI
(model IFA-300). The anemometers sensing head diameter
was 3 mm, has + 10% accuracy and was calibrated for velocity
range measurements 0.2-20 m/s. Four hotwires were placed
on a horizontal rod directly at the outlet of the rectangular
supply slot (with +1 mm positioning accuracy) and the rod
was manually moved in one direction from the center of
the slot to its end. The obtained readings of air velocity and
turbulence intensity were then averaged and used as inputs
to the CFD model to define the boundary conditions at the
supply slots. For validation purposes, the supply jet velocities
were also measured at six different locations on the center
cross plane of the slot.

3.2 Thermal measurements

Supply air and wall temperatures were measured using T-type
thermocouples with +0.3 °C accuracy. For each wall, four
thermocouples (T1, T2, T3, T4) were mounted as shown in
Fig. 2(c) and the average of readings was then used as wall
thermal boundary condition in the simulations.

Since the study focuses on the air quality while maintaining
acceptable comfort conditions, it was important to validate
experimentally the thermal flow field around the thermal
cylindrical manikin. A set of 9 T-type thermocouples labeled
1 to 9 were distributed around the cylinder as shown in
Fig. 2(a) to monitor the variations in the temperature field.
All the thermocouples were at 1.5 cm apart from the cylinder
surface to measure the air temperature in the immediate
microclimate of the simulated occupant, and they were
connected to an OMEGA DaqPro data logger. The mea-
surements were taken at steady state, which was assumed
to be reached when the monitored temperatures reached
nearly constant values with variation within 0.3 °C.

3.3 UV field measurements

For measurements of the UV intensity field, actinometrical
cells that measure three-dimensional irradiance were used
to characterize the UV intensity distribution in the room
using the method of Rahn et al. (1999). These cells were
filled with a solution prepared by adding 1 g of potassium
iodide to 10 mL of the prepared solution of 0.6 M iodide
and 0.1 M iodate in 0.01 M borate. This solution is optically
opaque at 254 nm and is insensitive to room light. The
actinometrical cells were installed in 16 locations shown in
Fig. 2(d) to measure the irradiation intensity in the occupied
zone (locations 1, 7, 13 at 1 m) and in the upper UV zone
(locations 9, 14, 16 at 2 m; 6, 8, 11 at 2.15 m; locations 3, 5,
12, 15 at 2.2m; 2, 4, 10 at 2.4 m). The UV irradiance is
calculated using the measured UV absorbance of the
actinometrical solution.

Fig. 3 Photos of the (a) air conditioning unit, (b) mounted UV

bare lamp with reflector, and (c) cylindrical heat sources in the
experimental room

4 Case study and system impact on energy efficiency

The validated CFD model will be applied to a case study to
investigate the efficacy of upper-room UVGI in preventing
cross-infection within the localized zone and its effect on
fresh air requirement and then on energy consumption. The
air quality will be evaluated in an office space in Beirut climate.
The office space dimensions are 5 m (L) x 5 m (W) x 2.7 m
(H) and it is equipped with localized zonal air distribution
system that recirculates the return air as shown in Fig. 4.
The office consists of two external walls with two partitions.
The outdoor conditions during operational hours varied
between 22 °C to 31 °C in June, 24 °C to 32 °C in July, and
24 °C to 33 °C in August. The load change due to variation
in outdoor temperature was less than 10%.

It was assumed that during the working hours (8:00-17:00),
four occupants are regularly present in the office. In the
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Fig. 4 Schematics of the space office (a) side view and (b) top
view of the case study

simulations, each occupant was simulated by a heated cylinder
of height 1.2 m and diameter 0.3 m each of sensible load
100 W and CO, emission rate 0.6 L/min. It was assumed that
two of the occupants (Cylinders 1 and 3) are infected and
each emits continuously 1400 CFU/min of S. marcescens.
Although, we have used bare lamps in the validation of
radiative field, the case study uses louvered lamps where
three louvered UV lamps with variable intensity and in the
same configuration of Kanaan et al. (2014) were assumed to
be installed at a height of 2.3 m. Each louvered UV fixture
is assumed to contain a single adjustable output (maximum
value of 18 W) germicidal lamp with centerline at a height
of 2.5 m forming an upper UV irradiated zone of thickness
60 cm. Louvers had fixture dimensions of 37.5 cm x 14 cm x
11.2 cm and are assumed to be composed of 1 mm thick
sheets. The use of louvers ensures safe UV irradiance levels

24 Diffuser Jet Validation
2
1.6

1.2

0.8 |
0.4 .
. ]
1 2 3 4 5 6

Sensor position

Velocity [m/s]

m CFD 0Am

W EXP

in the occupied zone where the UV irradiance should not
exceed the permissible limit of 0.002 W/m? based on 8 hours
of continuous exposure to prevent any eye and skin injuries
of occupants (American Conference of Governmental
Industrial Hygienists 2012). The power of the UV lamps has
been neglected since the UV lamps maximum power output
to the space was 0.12 W/m?* which is 0.25% of the peak
internal thermal load of the space at 48 W/m? and about
68 W/m? when external load is included. The peak thermal
load occurs at maximum occupancy and external load to the
space that depends on the ambient peak conditions for each
month.

Air was assumed to be supplied at a temperature of 16 °C
at airflow rate of 0.033 m?/s per slot supply jet at an angle of
45° with the vertical coordinate. The case study space was
simulated for the peak load hour representing maximum
thermal load in the space (15:00 hr) for each month using
the validated CFD model. The simulations estimate the
volume-averaged CO, and S. marcescens concentrations in the
breathing layer. The use of return air in the air distribution
system results in energy savings, but is constrained by
the IAQ standards. Therefore, numerous simulations were
performed without UVGI while changing the return air ratio
and keeping the supply conditions unchanged to identify
the critical return air ratio for both CO, and bacteria con-
centrations. Since the bacteria concentration requirement
is more stringent than that of CO, concentration in the
breathing layer (Kanaan et al. 2014), an additional set of
simulations was performed in order to determine the minimal
UV output that should be delivered to the space to maintain
the acceptable air quality at maximum return air ratio.

5 Results and discussion

5.1 Experimental validation of the CFD model

The average of recorded air velocities along the supply slot
was 2.2 m/s and average experimental value of 0.057 was
obtained for turbulence intensity. The experimentally measu-
red air velocities at different positions away from the supply
slot were used to validate the simulated jet. Figure 5 shows

Jet Profile

0.7m

Fig. 5 Plot of the measurements and CFD predictions of air velocity at 6 labeled positions on the jet profile diagram
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good agreement between the CFD estimations and measure-
ments of jet velocities at 6 different points labeled on the jet
profile diagram. The maximal relative error between estimated
and measured values of the velocity was about 15% showing
that the diffuser geometry was reasonably simulated.

The measured supply air temperature was 16.2 °C, and
the average measured inner surface temperatures of the
vertical walls were 25.2 °C, 24.9 °C, 25.1 °C, and 25.4 °C. These
experimental values were used in the simulation as boundary
conditions.

The CFD values and experimental data of temperatures
in the vicinity of Cylinders 3 and 4 compared well with a
maximal relative error of 5% as shown in Fig. 6.

Table 1 shows good agreement with a relative error of
10%-15% between the UV irradiance intensities computed
from the model of Wu et al. (2011) and those obtained by
actinometrical measurements at locations specified in Fig. 2(d).

Figure 7 shows the flow, thermal, and bacteria con-
centration fields obtained from CFD simulations of the
experimental room on the sampling plane X-X" shown in
Fig. 2(b). Curtain jets are formed delimiting the localized

55 Temperature Field Validation (Cylinder 3)

26 |
25.5
25
24.5
24
23.5
23
225

mCFD
WEXP

Temperature [°C]

1 2 3 4 5 6 7 8 9
Sensor location

()
Temperature Field Validation (Cylinder 4)

Temperature [°C]

25.5
25 - mCFD
‘245 BEXP
24
235 : : : : ! ! : : s
1 2 3 4 5 6 7 8 9

Sensor location

(®)

Fig. 6 Plot of the predicted and measured temperatures in the
vicinity of (a) Cylinder 3 and (b) Cylinder 4

zone around the cylinders within the conditioned space, and
provide the desired thermal containment. Moreover, the
air velocity and temperature are averaged in the occupant
microclimates for thermal comfort assessment. The
microclimate of each of heated Cylinders 3 and 4 is defined
as a rectangular zone surrounding the cylinder at a distance
of 30 cm from its sides and top. The average air velocity in
the microclimate of Cylinder 3 is 0.12 m/s and 0.10 m/s in
that of Cylinder 4, while the mean air temperature is 23.7 °C
and 24.3 °C respectively. This, according to ASHRAE standard
55 (2004), results in a percentage of people dissatisfied people
(PPD) less than 6%, which confirms that thermal comfort
is reasonably achieved. The distribution of S. marcescens in
the modeled space for a supply air concentration of 300
CFU/m’ without the use of UVGI is shown at the symmetry
plane in Figs. 7(c) and 7(d) for the case without the use of
UV lamps and when the three bare 18 W UVC lamps were
operated, respectively. It is clear that the un-louverd UVGI
system is able to reduce the bacteria concentration significantly
in the entire space. The predicted disinfection rate achieved
based on the steady-state bacteria concentration at the room

exhaust was 85.2%.
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Fig. 7 Plots of (a) the velocity distribution in the room, (b) air
temperature distribution, (c) bacteria S. marcescens distribution
when UVGI is OFF and (d) bacteria S. marcescens distribution
when the three un-louvered 18 W UV lamps are operated

Table 1 Distribution of UV irradiance in W/m? inside the room for locations specified in Fig. 2(d)

Average intensity in the upper zone

Average intensity in the Intensity range in the occupied

Operating lamps Model Measurements occupied zone (model) zone (measurements)
A 0.2128 0.2498 0.0199 0.012 - 0.021
B&C 0.3039 0.3567 0.0315 0.029 - 0.044
AB&C 0.4267 0.4777 0.0528 0.051 - 0.069
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5.2 Case study results

5.2.1 Results without the use of UVGI

Figure 8 shows the variations of C/Cp.x in terms of return air
ratio where C is the species concentration in the breathing
air layer and Cia is its standard limit value. Results indicate
that the concentration of 700 ppm CO; in the breathing air
layer was obtained for a return air ratio 7 = 0.23, whereas the
bacterial concentration of 500 CFU/m? was obtained for a
return air ratio of 7 = 0.11. Therefore, the use of UVGI is
strongly recommended to maintain an acceptable level of
bacteria concentration in the breathing air layer while still
using the maximal return air ratio of 0.23. In addition, Fig. 9
shows the estimated S. marcescens distributions on the vertical

Variations of species concentrations with mixing ratio

—e— CO,
—&— S. marcescens

120 —

C/Cmax

095 —

0.10 015 0.20 025 030 035

Mixing ratio
Fig. 8 Variations of C/Cumax for both CO: and S. marcescens with
their respective return air ratios
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225
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Fig. 9 Estimated S. marcescens dlstrlbutlon for (a) 100% fresh air,

(b) 11% return air ratio, and (c) 23% return air ratlo

cut plane (A-A’) for the case of (a) 100% fresh air and cases
of critical return air ratios of (b) 11% for the bacteria
concentrations and (c) 23% for CO,.

5.2.2  Results with the use of UVGI

The simulation of the space for the peak hour with 23%
return air (critical return air ratio for CO, requirement)
showed that the bacterial concentration in the breathing
level was 592 CFU/m’, which does not satisfy the WHO
requirement of 500 CFU/m? limit for bacterial concentration.
The use of upper-room UVGI is meant to reduce the bacterial
limit to safe level without any additional energy consumption
on the air conditioning system associated with increasing fresh
air fraction. Several CFD simulations of the space with the
three UV lamps operated were performed while changing
the UV output simultaneously from all the three lamps at
equal power from each. Results showed that S. marcescens
concentration in the breathing layer takes the standard
limit value of 500 CFU/m?> when a total of 15W UV (5 W
UV from each lamp) is delivered to the space. The bacteria
distribution field for this case is shown in Fig. 10 and it
resembles the concentration field of bacteria for the case of
11% return air ratio but without UV.

5.2.3 Energy analysis

The use of upper-room UVGI for reducing bacterial con-
centrations in occupied spaces is more economical than
increasing the ventilation rate. Without the use of UVGI, the
critical return air ratio of 23% would have been decreased
to 11% to establish healthy air quality in the breathing layer.
This means that a larger amount of fresh air is to be brought
into the space and will result in additional energy consumption
on the cooling system while same air quality can be obtained
with minimum additional cost using the upper-room UVGI
at total lamp power of 15 W. Figure 11 shows the bacteria
concentration in the breathing zone of healthy occupant as
a function of UV lamp power at 23% return air ratio. It is
clear that at the critical return air ratio of 23%, using a total
lamp power less than 15 W will lead to bacteria concentration
above the 500 CFU/m’ limit. However, doubling the total lamp
power to 30 W reduced the bacteria concentration to 346
CFU which is far below the minimum limit for healthy air.

800

[CFU/m 1

Fig. 10 Estimated contour plots of S. marcescens concentration
field for = 0.23 when 15 W UV is delivered to the space
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Fig. 11 A plot of the bacteria concentration in the breathing zone
of healthy occupant as a function of UV lamp power at 23% return
air ratio

Figure 12 shows a comparative plot of the electrical
power consumption of the localized air-conditioning system
during the peak load time on typical days of June (30°C,
70% RH), July (32°C, 70% RH), and August (33 °C, 72% RH)
for different scenarios. At the peak hour, using the return air
ratio of 0.11 dictated by the healthy air quality requirement
without the use of UVGI, the system consumes 10.7% less
energy than the 100% fresh air system. In presence of UVGI,
the return air fraction can be increased to 0.23 leading to
15.4% lower energy consumption than the 100% fresh air
UVGI is used.

The energy consumption of the localized air-conditioning
system was computed by performing the energy balances
within the simulated room. A typical value of 2.5 was
assumed for the coefficient of performance (COP) of the
cooling system. The results of the energy simulations over
the operational hours of each month are summarized in
Table 2 where the daily energy consumption (kWh/day) is
provided for conditions that meet IAQ requirements in
each case for the months of June, July and August. It is
clear that using the return air ratio dictated by the WHO
(1988) standard for bacteria concentrations without the use
of UVGI, the system consumes up to 11% less energy than

[kW] Electrical consumption during typical peak hour
2.1
1.8
1.5
12 OJune
0.9 Oluly
0.6 B August
0.3
0.0
0% return without UV 11% return without UV 23% return with UVGI
Fig. 12 Comparison of the localized system electrical

consumption during the peak hour on a typical day of June, July,
and August for different return air ratios

Table 2 Daily energy consumption (kWh/day) for conditions that
meet JAQ requirements

Mixed supply air ~ Mixed supply air
Month 100% fresh air without UV with UVGI
June 17.28 15.43 14.81
July 18.31 16.29 15.48
August 18.52 16.54 15.66

the 100% fresh air system. When the localized system uses
higher fractions of return air in the presence of UVGI,
energy savings can reach 15.5%.

6 Conclusions

A CFD model was developed and experimentally validated
for airborne bacteria transport in rooms conditioned by
localized airflow and equipped with upper-room UVGI. The
developed model can simulate the return air recirculation
and estimate the CO, and bacteria distributions in the space
for different return air ratios with and without the use of
upper-room UVGIL. It can be concluded from this work that
the localized mixed air conditioning might fail to prevent
cross-infection within the localized zone. In this case, the
use of UVGI is highly recommended where relatively high
return ratio may be allowed to enhance energy performance
at acceptable IAQ. The developed CFD model can be used
to determine the critical return air ratio for IAQ standard
for CO; concentration and the minimal UV output to deliver
to space to achieve good and healthy IAQ at minimum energy
consumption.
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