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ABSTRACT

The maximum allowable return air ratio in chilled ceiling (CC) and mixed displacement ventilation (DV)
system for good air quality is regulated by acceptable levels of CO, concentration not to exceed 700 ppm
and airborne bacterial count to satisfy World Health Organization (WHO) requirement for bacterial count
not to exceed 500 CFU/m?>. Since the CC/DV system relies on buoyancy effects for driving the contami-
nated air upwards, infectious particles will recirculate in the upper zone allowing effective utilization
of upper-room ultraviolet germicidal irradiation (UVGI) to clean return air. The aim of this work is to
develop a new airborne bacteria transport plume-multi-layer zonal model at low computational cost
to predict bacteria concentration distribution in mixed CC/DV conditioned room without and with
upper-room UVGI installed. The results of the simplified model were compared with layer-averaged con-
centration predictions of a detailed and experimentally-validated 3-D computational fluid dynamics
(CFD) model.

The comparison showed good agreement between bacteria transport model results and CFD
predictions of room air bacteria concentration with maximum error of +10.4 CFU/m> in exhaust air.
The simplified model captured the vertical bacteria concentration distribution in room air as well as
the locking effect of highest concentration happening at the stratification level.

The developed bacteria transport model was used in a case study to determine the return air mixing
ratio that minimizes energy consumption and maintains acceptable IAQ with and without UVGI. Results
showed that the use of upper-room UVGI resulted in 35% in energy saving, whereas the use of in-duct

UVGI achieved no more than 12% energy saving, both compared to 100% fresh air case.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Heating ventilation and air conditioning (HVAC) systems is a
major contributor to energy consumption in buildings and its
contribution is expected to increase in the upcoming years [1].
Therefore, targeting energy cost associated with providing good
indoor air quality (IAQ) in HVAC systems is a strategic intervention
to reduce building energy consumption [2,3]. A widely used
indicator of air quality is the CO, concentration level in an air-
conditioned room. The CO, gas is recognized by ASHRAE (American
Society for Heating, Refrigeration and Air conditioning Engineers)
as the surrogate ventilation index since it is a good indicator of
occupancy and ventilation rate within a space. Although CO, by
itself is not considered an indoor air contaminant, but it is emitted
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by humans who also give off a wide range of ‘bioeffluents’ which
can build up in space, due to poor ventilation [4]. However, in pres-
ence of occupants with contagious infections releasing airborne
viruses or bacteria, the ventilation requirements might be much
higher beyond the requirements for CO, concentration to prevent
spread of disease. The WHO (1988) [5] recommends not more than
50 CFU of fungi/m® and a maximum number of bacteria of
100 CFU/m? of air for hospital environments. In office spaces, the
maximum allowable limit of bacterial and fungal count is
500 CFU/m?® [3] although some researchers suggested that the
counting of human normal flora bacteria above 200 CFU/m? air
would be considered high [6,7]. This would pose prohibitive venti-
lation requirement contributing to increased cooling load and
energy consumption for hot humid climates. This has led to consid-
eration of other methods that can disinfect air in the duct or in the
space which include using ultraviolet germicidal irradiation (UVGI)
[8,9] or using high efficient particulate air (HEPA) filters at the
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Nomenclature

A area, m?

C concentration, ppm

CFD computational fluid dynamics
CFU colony forming unit

D molecular diffusivity in air, m?/s
Dy turbulent diffusivity in air, m?/s
E, UV irradiance, W/m?

H stratification height, m

m mass flow rate, kg/s

ppm parts per million (volume based)
qp bacteria generation rate, CFU/min
qc CO, generation rate, L/min

Q supply airflow rate, m?/s

r radial coordinate, m

T temperature, °C

U air velocity, m/s

uv ultraviolet

UVGI ultraviolet germicidal irradiation
v volume, m>

X return air mixing fraction

z layer elevation from floor level, m
Zm mid-layer height

z; plume terminal height, m

Zuv UV-zone starting height, m
Z UV susceptibility, m?/]
Greek symbols

B mixing factor

) source heat flux, W

p density, kg/m>

Y] fraction of exhaled jet reaching the adjacent air layer
Subscripts

b bacteria

c carbon dioxide

d diameter

ent entrained

ex exchange

gen generation

int interface

k layer number

p plume

S supply

t terminal

w wall

supply which can capture the smallest of particles, down to 0.3 pm
in size with a minimum efficiency of 99.97% [10,11].

Airborne germs are mostly susceptible to ultraviolet radiation
of wavelength of 254 nm which causes the destruction of the
nucleic acids of the microorganism. In recent years, there is
renewed interest in UV irradiation to reduce cross-contamination
in crowded spaces while reducing the energy consumption associ-
ated with ventilation. For upper-room UVGI to be effective, the
infectious particles generated by a person coughing or sneezing
must be moved from the lower occupied part of the room to the
upper part where the UV devices are located. Previous studies rec-
ommended elevated air velocity and turbulence to enhance mixing
within the space to dilute germ concentration and prevent the
presence of high germ concentration areas in the room and to
ensure enhanced air circulation between the upper and lower
zones [8,9,12-15]. In general, surface contamination by airborne
pathogenic microorganisms is the most common path for trans-
mission of infections since microorganism fate is either to be car-
ried by air or deposit on surfaces. If the concentration of bacteria
in air is reduced, their surface deposition is also reduced [16].

One of the HVAC systems known to provide good indoor air
quality is the combined chilled ceiling (CC) displacement ventila-
tion (DV) system which is suitable for applications when cooling
load is less than 100 W/m? [17]. This system, although moves air
from the lower occupied zone to the upper recirculated zone, it
is not suitable to combine with UVGI since supply air is 100% fresh
air since there is no mixing between the lower and the upper
zones, and upper-room infected air is exhausted [18-20]. More-
over, the 100% fresh air in the occupied zone of the CC/DV condi-
tioned room exceeds the minimum acceptable ventilation
requirements of the space. Several researchers reported that the
CC/DV system consumed much less cooling energy than the con-
ventional system at 100% fresh air system [21], but it did not offer
energy savings when compared to mixed conventional systems
[22-24]. However, the use of mixed supply air in the CC/DV system
has been shown to improve energy performance by 20% when
mixed return air ratio is about 40% while keeping acceptable CO,
concentration of 700 ppm at the breathing level [22,25]. On the

other hand, a decrease in CO, level or keeping it within the accept-
able range may not ensure that the concentration of infectious air-
borne bacteria set at maximum allowable value of 500 CFU/m? for
offices is achieved. The level of generation of airborne bacteria
might be high and require more frequent replenishment of room
air than that required for CO,.

Since the CC/DV system relies on the DV system and buoyancy
to drive the air upwards, then the use of UVGI with mixed CC/DV
might be an attractive and viable option to disinfect air and reduce
the spread of airborne bacteria generated by the occupants
through air and surface deposition. The recirculation of the air-
borne bacteria in the upper room will increase its residence time
for exposure to UV in the irradiated zone and thus make the
upper-room UVGI more effective compared to the in-duct UVGI
where the residence time is relatively short due to high speed of
air in the supply duct. Therefore, a high UV output is needed in
the in-duct UVGI which affects the system energy efficiency.

Modeling approaches to study upper-room UVGI either used
CFD [14,26-30] or simplified two or three zone-mixing models
[12,31,32]. Contaminant and bacteria spread is significantly
affected with air ventilation and air distribution system type
within the space. The CFD modeling provides relatively an excel-
lent tool for accurate assessments of pathogen concentration dis-
persal in ventilated rooms as well as air velocity, pressure and
temperature distributions by solving momentum, energy, species
transport and turbulent energy equations [27-30]. Simplified
semi-analytical models are useful for determining effectiveness
of UVGI system at low computational cost when optimizing oper-
ation of associated ventilation systems to reduce the spread of air-
borne bacteria. Riley et al. [31] presented a two-zone model where
the space is divided into two horizontal and adjacent zones where
air is assumed fully mixed within each zone and is irradiated in the
upper zone. The air exchange rate between the two zones was
determined by using the ratio of two different UV intensities and
corresponding disinfection rates in the lower zone. Nicas and
Miller [32] developed a three-zone model, adding a near field zone
to Riley et al. model [31] surrounding the infection source assum-
ing also that the near field zone is well-mixed. Noakes et al. [12]
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developed analytical two-zone and three-zone mixed models with
the air in each zone being fully mixed, but with incomplete mixing
between the zones. The mixing coefficients between zones were
determined using the inter-zonal velocities found either by
measurements or CFD. The model results were compared to CFD
values and good agreement was reported for suitable mixing
factors.

The main objective of this paper is to develop a multi-layer
model for bacteria transport in rooms conditioned by CC/mixed
DV system and equipped with upper-room UVGI. The model will
predict the maximal return air fraction that can be used to improve
the economic viability of the CC/DV system. The use of return air
will reduce the effectiveness of this system when the bacterial
concentration increases and what would make it worse is the pos-
sibility of exhaled stratifications at the breathing level reported by
Nielsen et al. [33] as the “locking” of the horizontal exhalation jet.
Therefore, the optimal mixing ratio will be the one that minimizes
the energy consumption of the system while meeting ASHRAE
standard [3] for good indoor air quality and permissible bacteria
concentration level recommended by WHO for bacteria count in
the breathing zone.

The developed model will be applied on a case study using com-
mon infectious bacteria such as Staphylococcus aureus [34] which is
a bacterium frequently found in the human respiratory tract and
on the skin and a known cause of skin infections, respiratory dis-
ease and food poisoning. The model will be used as a design tool
to determine the effectiveness of the UVGI system and the mixing
ratio for maximum energy savings at acceptable indoor air quality
and thermal comfort.

2. Mathematical modeling
2.1. The plume multi-zone multi-layer model

In displacement ventilation, the cooler air entering the room at
the floor level displaces the warmer room air that rises due to its
natural buoyancy effect. Consequently, the bottom occupied zone
contains the fresh cool air with no recirculation flow while the heat
and contaminants produced by the room activities rise to the ceil-
ing level where they are exhausted. The radiation heat transfer
exchange is considered between the occupants and surfaces
around them including the inner faces of the walls, and the chilled
ceiling. The chilled ceiling carries part of the sensible load by direct
radiation and convection [35-37]. The direct and reflected long

wave radiation elements are included in the present model as in
Keblawi et al. [38]. Plume multi-layer models of CC/DV conditioned
spaces take a physical approach to the problem where the space is
divided into horizontal air layers [22,39]. The mass flow in and out
of each layer due to heat sources is calculated from the plume
equations reported by Mundt [40]. The room is conceptually
divided into the following seven air zones (see Fig. 1):

e Zone I: single-layer floor zone where the air is supplied.

e Zone II: multi-layer stratification zone bounded by the stratifi-
cation height (H;) and floor zone.

e Zone III: wall plume zone associated with wall buoyant flow.

e Zone IV: multi-layer plume zone from plume virtual source
height to the terminal height.

e Zone V: multi-layer air zone outside the plume bounded by H;
and terminal plume height z,.

e Zone VI: single-layer lower mixed-air zone between z; and zyy;
and

e Zone VII: single-layer upper mixed-air UV-zone in which air is
irradiated.

The interface heights that delimit the zones are the stratifica-
tion height H,, plume terminal height z, and UV zone height Z,
where H; is the height at which supply flow rate is equal to plume
total mass flow rate from sources and from wall (air flow outside
the plumes is always upward for below Hj), z; is the elevation at
which the density gradients disappear in the rising air and the
plume spreads horizontally, and zyy is the height above which
UV-Irradiation is significant. The plume terminal height (z;) is given
by Mundt [40] as follows:

Z: = 0.740"*(dT /dz) (1)

where @ is the source heat flux, T is the environment tempera-
ture, and z is the vertical coordinate. The stratification height is
considered in general as an indicator of good air quality if it is
higher than 1.2 m (height of a seated person) where it determines
the height of the occupied zone below which CO, concentration in
air should not exceed 700 ppm [22]. The upper-room UVGI
irradiates air in the upper-mixed zone at uniform UV irradiance,
E (W/m?) but does not cover the entire fully-mixed region above
the plume terminal height.

The transport equations of bacteria depend on zonal mass and
momentum transport of air. Air is supplied at flow rate (m;) at
the floor level and moves upward (see Fig. 1). A heat source of
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Fig. 1. Schematic of the zonal distribution of DV room equipped with UVGI.



M. Kanaan et al. /Energy Conversion and Management 85 (2014) 50-61 53

power @ at height z, generates an upward plume flow (m,)
induced by buoyancy and entrains air flow (ri.,;) from adjacent
air zones. In addition, the warm wall induces a wall plume (m,,)
by entrainment of adjacent room air. Bacteria and CO, are gener-
ated from occupants at rates q, and q,, respectively assuming the
breathing mode. The room air moves up until it reaches the strat-
ification height Hy; above which it recirculates since the sum of
plume flow rates in that zone exceeds the supply flow rate. The
zone below the terminal height exchanges recirculation air from
the lower-mixing zone. Moreover, inter-zonal air mass flow rate
exchanges take place between lower mixed zone and upper
UV-zone. The plume flow rates and inter-zonal mass flow rates that
will be used in the multi-layer model will be defined in this
section. The downdraughts from the chilled ceiling are neglected.

The plume average upward mass flow rate ri1, is calculated
using Mundt correlation [40] as a function of height from the heat
source at power @ and vertical temperature gradient dT/dz of room
air as follows:

m, = 0.00238®°*(dT/dz)>/*B, (2b)

B; = 0.004 + 0.0394; + 0.38A7 — 0.062A; and
A, = 2.862(dT/dz)*/*®1/4 (20)

Since the heat source is assumed cylindrical of diameter d and
height H,, it is replaced by a virtual point source such that the bor-
der of the plume above the point source passes through the upper
edge of the real cylindrical source [41]. The position of the virtual
source will be located at zp = 1.8 d below the actual source [41]. The
virtual source will then be located at z,=H.-z, and the vertical
distance to be used in the plume flow rate equations (2a and 2b) is
(z-z,). The flow rate of a warm wall plume (rhy,) is determined
from Ayoub et al. [39] multilayer wall-plume model correlations.
Even though not all heat sources are bacteria emitting sources,
multiple heat sources are lumped into one source of an equivalent
heat output and contaminant generation. This approximation would
be reasonable since the stratification height is governed by resultant
plume flow which is the sum of all single plume flow rates.

The inter-zonal exchanges in the upper region are important for
determining bacteria inactivation and their modeling would follow
the mixed two-zone model of Noakes et al. [12]. The inter-zonal air
flow rate (ri1,) relative to the absolute room supply flow rate (1)
was defined by Noakes et al. [12] as follows:

_ TTex
g

B 3)
where  is a dimensionless mixing factor. The inter-zonal flow rate
MMey IS given by

rhex = pAéer (4)
where A is the interface area and Uj, is the inter-zonal velocity
which can be determined from CFD.

To develop the airborne bacteria transport equations, we follow
the model of Ayoub et al. [36] for heat transport in CC/DV condi-
tioned spaces and the multi-layer model of Kanaan et al. [22] for
contaminant transport for zones below the terminal height. The
multilayer plume model solves the mass and energy balances for
air flow and determines the room stratification height and thermal
gradient for given supply flow rate, supply temperature and chilled
ceiling temperature. The energy balances are not be derived here
and can be found in [39]. The room supply conditions are deter-
mined such that the stratification height is above 1.2 m and tem-
perature gradient does not exceed 2.5 °C/m [19,42].

Fig. 2 shows a schematic of the air and plume layers in the space
selected for our analysis. The room is divided to 10 layers. This

number of layers produces grid independent results and the error
in numerical results was less than 2% when compared to those
obtained for twelve and fourteen layers. The first layer extends
from z = 0 at the floor level up to the thermal plume virtual source
height z,. The breathing zone is considered to span layers 4 and 5.
The bacteria and CO, are generated at constant rates in layer 4 that
is assigned a small grid height to avoid high concentration gradient
at this level and ensure accuracy. Layers 6-8 are equal in height
and represent the region between the stratification height and ter-
minal plume height. Layers 9 and 10 represent the two lower and
upper zones of the fully-mixed zone previously defined. It is also
assumed that the plume terminal height is always below the fully
mixed zone. The mathematical model for airborne bacteria trans-
port is presented here based on mass balances for each layer in
the different zones and it can predict the bacterial concentration
Cp (CFU/m?) in room air and inside plumes, in a typical CC/DV room
with the presence of an upper room UV field at uniform-intensity E.

The net circulated flow rate ri;, at each height z representing
the layer height is calculated as

n h
mcir = ms - Zmp.i - mej (5)
i1 j=1

where n is the number of heat sources and h is the number of hot
walls. Assuming control volumes with only one-dimensional inlets
and outlets, the steady-state mass balance for Layer 1 is given by

) ac )
1sCps +A1Dp (6_;> = 1i1,Cp, (6)
1

In the above equation, Cy is the airborne bacterial concentra-
tion in the supply air stream. The second term on the left side of
Eq. (6) is diffusion through the interface of area A; with Layer 2,
D is the molecular diffusion coefficient of bacteria, and C;; is the
room air bacterial concentration of Layer 1. Diffusion from wall
plumes to the room air is neglected since wall plumes are not emit-
ting sources and the difference in contaminant concentration
between room air and the wall plume is too slight. In addition, bac-
teria surface deposition on walls and surfaces are not accounted for
in the model due to very small size of bacteria (<2 pm).

The bacteria mass balance for the air layer k (k = 2-8) is given by

h
. . aC
(mcir,kl + mej.kl) Cpk-1 — Ainek(D + Dy)p <78¢‘p)
= zmy,
oCy
+ADp <—> + 20pqy,
oz Zmy, zmyq H

h
= (mcir,k + mej.k) Cb,, + MenekCox
=3

oCy
Aeabp (7) 2

The first term in the left side of Eq. (7) is the convective term
associated with air transport and the second term is the diffusion
between the plume and adjacent air layer at the middle of that
layer. The bacterial concentration inside the plume is Gy, 1 is the
radial coordinate from the plume centerline, i, is the mass
entrained by the plume from the adjacent air layer. The molecular
diffusion coefficient D is augmented by adding turbulent diffusion
coefficient D; due to the turbulent nature of the plume at its
boundaries. This coefficient was correlated to plume upward veloc-
ity and characteristic turbulent length that is the plume width at
any height [43]. The parameter 2 is the fraction of exhaled bacteria
that traverse the plume and reach the adjacent room air and g, is
the volumetric bacteria flow rate generated in layer k where qy is
qp for k = 4 and zero otherwise. In the current case of exhaled jet of
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Fig. 2. Schematic of mathematical model with upper UV field.

low velocity, / can be reasonably assumed zero since the exhaled
air is pulled up by the rising thermal plume [44]. In cases of high
momentum exhaled flows, the most suitable value of 1 can be
found by comparing results obtained by the simplified model, at
different values of A, with the CFD simulation to obtain the best
fit value.

The bacteria mass balance inside the plume in layer k (k = 2-8)
is given by:

mp,k—l Cb.p,k—l + ment,kcb,k + (1 - ;‘)qu,k

ICbp
+Ap,k*1Dp< 0z >zmk,1-zmk

oC
= Apqpk — Ainek (D + D[)ﬂ( ((;'IJ)
zmy,

oC .
+ Ap,kDp bp + mp,lccb.p.k (8)
oz Zmy—zmy,, 4

where 11, is the mass flow rate of the plume at the boundary and A,
is the plume area at the interface.

The bacteria mass balance in Layer 9 which is the lower mixing
zone of the fully-mixed region described previously is given by the
following equation where $ is the mixing factor defined in Eq. (3):

h . : aCb.p
> “tityjs | Cos + BitsChio + ApsDp ( —-2
0z zZmg .zmg

=1

. oC .
= (14 p)ymsCpg + AsDp (a—b> + MeirgCpo 9)
zmg zmg

The bacteria mass balance in the UV upper zone (Layer 10) is
given by

(1 + p)msCpg = prisCp10 + MeCh10 + PZEV 4 Ch 10 (10

The term ZEV,, is the UV bacteria inactivation constant where V,,
is the volume of the UV upper zone and Z is the bacteria suscepti-
bility to UV. For example, Z is equal to 0.3476 m?/] for the common
infectious bacterium S. aureus [45].

Ignoring bacteria deposition in return duct and assuming zero
concentration of infectious pathogen in outdoor air, the bacterial
concentration in the supply air, when a fraction of the return air
is used, can then be calculated as

Cos =XCh10 (11)

where x is the return mixing ratio.

The linear bacteria transport Egs. (6)-(11) are discretized using
finite difference method. They are solved to find the unknowns: G,
to Cpy10 and Cp > to Gy ps. The details of the numerical solution meth-
odology used to solve the obtained system of equations were pre-
sented in [22]. The developed model accounted for the convection
through layers, the diffusion between layers, plumes and room air
and it will be validated by detailed CFD simulations. The indoor air
quality is assessed based on the bacterial concentration of the
room air averaged in the breathing zone for layers 4 and 5 as
shown in Fig. 2 and should meet the WHO standard of not to
exceed 500 CFU/m? [5].

3. CFD modeling

A detailed CFD model is -developed to determine the bacteria
distribution in a CC/DV test room. This model can accurately pre-
dict the entrainment and mixing between the plume and the sur-
rounding air and can capture the interaction between the upper
mixing region and the zone below the plume terminal height.
The commercial CFD solver, ANSYS Fluent [46] is used for numerical
modeling to solve for the airflow, thermal, and species concentra-
tion fields in the room.

3.1. Flow and thermal transport

The room simulation is carried out using a tetrahedral grid con-
taining approximately 127,000 cells ensuring grid independence,
refined around the boundaries and species sources. The Reynolds
averaged Navier-Stokes equations along with are used to simulate
indoor airflow with a uniform measured velocity of 0.15 m/s and
corresponding turbulent intensity of 5.5% at the air inlet. A stan-
dard k-¢ turbulence model is used with enhanced wall treatment
and a no slip condition applied at the wall. To account for the ther-
mal buoyancy, the “Boussinesq” approximation is used for the
buoyancy-driven flow assuming small density differences in the
room air.

All variables, except the pressure, are discretized with the sec-
ond-order upwind scheme. STANDARD scheme was used for the
pressure term and the SIMPLEC scheme with skewness correction
5 is used for coupling pressure and velocity. Numerical conver-
gence is obtained based on many criteria: scaled residuals less than
107>, net imbalance of mass flow less than 0.5%.
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3.2. Bacteria generation and transport

The current simplified model prediction of bacterial vertical
concentrations in the occupied zone and upper mixed region will
be compared with CFD predicted values of bacteria concentrations
averaged for each model layer to evaluate the effectiveness of the
upper-room UVGI system in killing one common bacteria type,
mainly S. aureus [34]. Staphylococci are Gram-positive bacteria
with diameters of 0.5-1.5um [47] and have a typical mass
10712 g per bacterium [48]. The rate of airborne S. aureus from an
infected occupant is averaged to be 700 CFU/min assuming breath-
ing mode [49-51]. The transmission of disease caused by S. aureus
is considered of airborne mode of which the pathogen carriers are
droplet nuclei of 1-5 pm [52]. The term “droplet nuclei” was intro-
duced by Wells [53] as being the dried residues of expiratory drop-
lets. In fact, around 90% of particles from human expiratory
activities are smaller than 1 um [54] and then evaporate within a
few milliseconds after leaving the mouth by exhalation or cough-
ing and sustain in air for long periods of time [55]. Therefore, it
would be reasonable to neglect the settling of pathogens and treat
them as gaseous contaminants with low diffusivity (Hathway et al.
[28] used a value of 1 x 10~7 kg/m s). The bacteria concentration is
then assumed as a passive scalar matter governed by the airflow.
The inactivation of microorganisms due to UV irradiation is inte-
grated to the scalar transport equation using Noakes et al. [12] rep-
resentation as follows:

V.(UC) - V(DVC)—Z -E, -C=0 (12)

where U is the air velocity field (m/s), Ep is the UV irradiance at a
point P in the room. The last term, Z-E,-C, in Eq. (12) is a spatial sink
term that represents the rate of inactivation due to the UV field. The
boundary conditions of the simulation are listed in Table 1.

The code of the UV irradiation model that predicts field inten-
sity in the whole domain is incorporated to the CFD code in the
form of a user-defined function written in programming language
C++. The predicted concentrations of the developed bacteria trans-
port plume multi-layer multi-zone model in mixed CC/DV condi-
tioned spaces will be compared to published experimental work
of Macher and Miller [56] in which they experimentally investi-
gated the efficacy of upper-room UVGI in inactivating three types
of airborne bacteria: Bacillus subtilis, Escherichia coli, and Micrococ-
cus luteus at steady-state conditions.

4. Experimental setup

The CFD model is validated using velocity and temperature
measurements made in the experimental CC/DV room at AUB.
The supply air temperature and velocity, and wall temperatures
are measured and set as boundary conditions for the CFD simula-
tion. Accurate flow and thermal field produced by CFD would
result in accurate prediction of bacterial concentration under the
assumption that bacteria are airborne and transported with air
[12,28].

Fig. 3 shows the schematic of the test room to be used in the
simulations. It is a 2.75 m x 2.5 m x 2.8 m CC/DV room located in

Table 1
Boundary conditions used in the simulation.

Room air inflow
Room air outflow
CC temperature

U=0.15 m/s, Turbulent intensity: 5.5%, T =20.44 °C
Pressure outlet
T=18.05 °C, no slip

Room walls T=22.09 °C, no slip
Heated cylinder @ =75W, no slip
Mouth Opening area 1.2 cm?, g, = 700 CFU/min [50],

qc=0.6 L/min, T=34°C

conditioned space at 24 °C and equipped with UV fixtures for the
upper-room UVGI system. The chilled ceiling is composed of three
copper tube and plate panels that cover the whole room ceiling
area. The chilled water is supplied in parallel to the headers of each
panel. The room contains four occupants of which two are infected.
Occupants are simulated by heated cylinders of diameter 0.3 m
and height 1.2 m each having a heat load of 100 W. Each cylinder
has a circular hole of area 1.2 cm? at height 1.05 m that simulates
human mouth emitting 0.6 L/min of CO, at 34 °C. An anemometer
system (Model IFA 300 16 channels, accuracy 0.15%) equipped
with a xyz traverse table is used to mount the probes in order to
measure air velocity at different points. Temperature is measured
using a type T thermocouple linked to the anemometer system.
The positions of the thermocouples are shown in Fig. 3. (P: chilled
ceiling panel, T: wooden column).

Two 37.5 x 14 x 11.2 cm louvered UV fixtures each containing
a single 18 W germicidal lamp (Dinies, Germany) are mounted
on two opposite walls with centerlines at a height of 2.5 m forming
an upper UV irradiated zone of thickness 60 cm [29,53] with bot-
tom is 2.3 m above the floor. Louvers are assumed to be composed
of 1 mm thick iron sheets. Reflectors are made of highly reflective
stainless Steel of thickness 0.7 mm. A ventilation flow rate of
0.1 kg/s is supplied to the space at measured temperature of
20.44 °C. The chilled ceiling temperature is set at 18.05 °C, which
is the average of readings of ten thermocouples mounted on the
CC plate (Fig. 3). These conditions are acceptable based on the
CC/DV design charts [19] for thermal comfort and indoor air qual-
ity. The temperature imposed to room walls in the simulation is
the average of three measurements made at the inner surface of
three different walls of the test room and it was 22.09 °C.

5. Results and discussion
5.1. Validation of the CFD model

Measured air temperatures and velocities of our current exper-
iment were compared to values obtained from CFD. Table 2 shows
a comparison between measured velocities and those obtained
from CFD at points of specified coordinates relative to the origin
of the room located in the far right corner of the room. Measured
and computed velocities show a very good agreement with root-
mean-square error of 0.016 m/s. The comparative plot shown in
Fig. 4 shows that the temperature measurements and values
obtained from CFD agree reasonably with a maximal relative error
of 3%.

In order to validate the developed CFD-UV model, the bacteria
concentration was predicted for the setup described in the pub-
lished work of Miller and Macher [56] in which they experimen-
tally measured bacteria concentration and investigated the
efficacy of germicidal lamps in reducing airborne bacteria. The sce-
narios concerned for validating our CFD model applied to Miller
and Macher’s room are those with a single unlouvered 15 W UV
lamp and constant generation of three culturable bacteria
B. subtilis, E. coli, and M. luteus. The average UV irradiance at the
breathing level and ceiling level were reported at 0.0069 W/m?
and 0.25 W/m? respectively, whereas the values of 0.0084 W/m?
and 0.19 W/m? were numerically obtained using our current radi-
ation model. The concentrations of bacterial aerosol at the exhaust
[53] reported in colony-forming units, with and without UVGI,
were compared with current CFD model results to evaluate the
effectiveness of UVGI model at steady-state conditions. The values
of UVGI effectiveness using M. luteus, B. subtilis, and E. coli obtained
from the CFD model were respectively 0.45, 0.53, and 0.99 that
agreed reasonably with the experimental values of 0.49, 0.56,
and 1 reported by Miller and Macher [56] at less than 8% error.
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Chilled ceiling
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Table 2
Velocity measurements and values obtained from CFD.

Point Measured velocity (m/s) Velocity computed by CFD (m/s)
(109, 143, 70) 0.1367 0.1212
(109, 143, 84) 0.1326 0.1191
(109, 143,90)  0.1985 0.1771
(109, 143,103) 0.1663 0.1495
(109, 143,114) 0.1567 0.1388
(141,158,77)  0.1238 0.1104
(141, 158, 55) 0.1386 0.1181
(140, 167, 55) 0.1053 0.0933
(140, 167, 65) 0.1223 0.1057
(140, 167, 100) 0.1118 0.0988
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Fig. 4. Comparative plot of measured and CFD values of room air temperature
distribution.

5.2. Validation of the bacteria transport plume multi-layer multi-zone
model

The comparison of the predicted bacteria concentrations of our
new mathematical model to those obtained from CFD are per-
formed for a base case with same load as the experimental room
with four occupants of which two are bacteria-emitting fresh DV
supply air. To find an equivalent concentration value in CFU/m3
(adopted unit in WHO standard [5]), the molar fraction is

Exhaust grill

Sampling plane

Supply diffuser

0.00
[m/s]

Fig. 5. Velocity vector field predicted by CFD.

multiplied by the bacteria density in kg/m> and then divided by
the mass of one bacterium. The CFU conversion assumes that each
colony forming unit arises from a single viable bacterium which is
quite conservative in assessing the cleanliness of air. The CFD sim-
ulations produced the velocity, temperature, and CO, concentra-
tion fields as well as bacteria concentration field in molar
fraction in the space.

Fig. 5 shows the room velocity vector field on the sampling
plane (Fig. 3). The airflow established in the room is almost upward
in the lower zone and is re-circulating in the upper zone. The level
at which no circulation occurs is the stratification height is at
1.32 m which is sufficiently high to provide thermal comfort and
acceptable air quality in the occupied zone.

Temperature and carbon dioxide concentration spatial distribu-
tions on the sampling plane are presented in Fig. 6 where two
zones can be identified: lower cool and clean zone, and upper
warm and CO, contaminated separated by the stratification height.
The cool air supplied to the room warms due to heat exchange with
the heat source and moves upward by buoyancy entraining the
contaminant to the upper levels of the room. The room tempera-
ture gradient in the room is computed to be about 1.45 °C/m satis-
fying the thermal comfort condition of a maximal temperature
gradient of 2.5 °C/m.
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The mass fraction distribution of S. aureus when UV device is
OFF is shown in Fig. 7 on two horizontal cut planes at (a) height
z=1.28 m, (b) height z=2 m. Fig. 7 shows also the bacteria distri-
bution on the vertical sampling plane when (c) UV device is OFF
and (d) UV device is ON. The pathogen is transported by the ther-
mal plume around the heat source to the upper levels of the room
leaving clean air in the occupied zone. The plots reveal the low dif-
fusion of the bacteria that is much more concentrated in the plume
where it is generated and mainly entrained by convection to the
upper part of the room. When the upper-room UVGI system is
operating, the bacterial concentration decreased significantly in
the upper mixed zone and remains almost unchanged in the zone
below stratification height.

The multi-layer model predicted the vertical bacteria concen-
tration distribution for room air and in the plume as well as the
mixing upper region including the UV zone. Unlike CO, transport
model [22] where all human sources are emitting sources, bacteria
generation is not associated with all heating sources. It is impor-
tant to ensure that treating all heat sources as single plume source
in the bacteria transport model will still predict well the room air
bacteria concentration.

The values of bacterial concentration obtained from the simpli-
fied model are evaluated as average values for each layer outside
the plume from layer 1 to layer 10 and will be compared with bac-
terial concentrations predicted by the detailed 3-D CFD model
averaged over each corresponding layer in the simplified model.
The average bacteria concentration will be computed from the
CFD model results for each layer volume. The height would repre-
sent the mid-layer coordinate z,.

Fig. 8 compares the multi-layer model and detailed CFD simula-
tion predictions of bacteria concentrations as a function of height
for room air (a) without use of UV and (b) while using UV. The sim-
plified multi-layer model captures well the variations and the
stratified exhalations due to the flow locking in the temperature
gradient [57]. The higher bacteria concentration occurs in the layer
of stratification height being the layer receiving both upward and
downward mass fluxes through convective transport of bacteria.
The CFD model is meant to determine the contaminant concentra-
tion in the air surrounding the occupants lumped in the breathing
layer and not the concentration in the micro-inhalation zone. The
indoor air quality is assessed based on the concentration in the
surrounding air that is entrained to inhalation zone of a healthy
occupant. It is clear from Fig. 8 that the model results are in
good agreement with CFD results with a maximum error of
+34.2 CFU/m® in the exhaust air when UV is not used and
+10.4 CFU/m® when UV is used.
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6. Case study

The validated plume multi-layer multi-zone bacteria transport
model is used in a case study to determine which standard is more
stringent on the mixing ratio for the CC/DV system; i.e. the CO,
concentration constraint not to exceed 700 ppm or the bacterial
concentration constraint not to exceed 500 CFU/m? in the breath-
ing layers. The air quality is assessed ina 5 m x 5 m x 2.8 m office
space in Beirut conditioned by CC/mixed DV during the cooling
season. The humidity of the air is assumed to be removed in an
economical method using desiccant dehumidifier wheel [58,59]
(negligible energy consumption) so that the coil load is only for
sensible cooling. The office consists of two external walls (south
and west oriented) with two internal partitions and the floor is
considered above a conditioned space at 25 °C. All the walls have
conductance and thermal properties of typical material used in
Lebanon and can be found in Refs. [20,22,38]. It is assumed that
during the working hours (8:00-13:00, 14:00-18:00), six occu-
pants with three infected are regularly present in the office space.
During the lunch hour (13:00-14:00), three occupants with one
infected are assumed to remain in the office. The outdoor condi-
tions 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 small ranging
from 4 and 10 W/m2 An infectious case is assumed to emit
1400 CFU/min of S. aureus by breathing, sneezing, and coughing.
The office space is equipped with an upper-room UVGI system con-
sisting of two louvered 12 W UV lamps placed symmetrically on
the same wall at an elevation of 2.5 m. We assumed that there is
no bacteria growth taking place in the return duct given the con-
straint of low humidity constrained by the chilled ceiling dew
point [60]. Therefore, numerous simulations were performed with
and without the use of UVGI to investigate the variations of critical
mixing ratio for acceptable CO, concentration (not to exceed
700 ppm) and for satisfying the WHO requirement [5] (bacterial
concentration not to exceed 500 CFU/m?) in the occupied zone
for different values of stratification height.

6.1. Results without use of UVGI

The variation of critical mixing ratio is shown in Fig. 9 as a func-
tion of the stratification height which is strongly correlated with
supply airflow rate [19]. The plots show that the critical maximum
ratio for good indoor air quality is dictated by the bacteria concen-
tration whose requirement is more restrictive than that of CO, con-
centration. The current office space is simulated for the working
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Fig. 6. Predicted results by CFD for (a) Thermal field and (b) CO, mass fraction distribution in the room.
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Fig. 7. Contour plots of bacteria mass fraction when UV lamps are OFF on horizontal cut planes at (a) z=1.28 m, (b) z= 2 m, and on the sampling plane when UV lamps are (c¢)

ON and (d) OFF.

hours including the peak hour (15:00) and minimum load lunch
hour using the analytical model. The supply conditions are deter-
mined using the CC/DV charts [19]. The supply flow rate also dic-
tates the allowable mixing ratio for acceptable and healthy
indoor air quality. It is shown that during the peak time CO, con-
centration standard limit is obtained for a mixing ratio of 45%,
and the corresponding bacteria concentration is 644 CFU/m> in
the breathing zone. The critical mixing ratio using bacteria concen-
tration standard limit is determined to be 30%. On the other hand,
the simulation of the lunch hour shows that a mixing ratio of 42%
achieves the 700 ppm CO, and results in an acceptable bacteria
concentration of 427 CFU/m? in the breathing zone.

6.2. Results with the use of UVGI

Since the critical mixing ratio for CO, requirement does not sat-
isfy the WHO requirement for bacterial concentration during the
peak time, the use of the upper-room UVGI is recommended to
reduce the latter to 500 CFU/m>® without any additional energy
consumption on the air conditioning system. In contrary, UVGI is
not needed during the lunch hour. The average UV irradiance in
the upper zone is predicted using the model of Wu et al. [61]
and is found to be 0.13 W/m? when the two lamps are ON and
0.07 W/m? when only one lamp is ON. The computed average irra-
diance in the occupied zone is 0.0008 W/m? when one lamp is ON
and 0.0017 W/m? when the two lamps are ON. Both values are
below the upper permissible limit of irradiance of 0.002 W/m?
for human exposure [62,63].

The plume multi-layer multi-zone model is used to simulate the
office space for the peak time with the determined critical return
ratio of 45% (700 ppm of CO, is maintained in the breathing zone)
and with the two UV lamps ON. The resulting bacterial concentra-
tion in the occupied zone air is reduced to 498 CFU/m> compared
to the value of 644 CFU/m> found when the UV is OFF. A value of
540 CFU/m? is found when one lamp is ON. Therefore, the two ger-
micidal lamps with total UV output of 24 W should be operated to
obtain the desired level of bacteria concentrations. On the other
hand, UV output higher than 24 W will be required to obtain the
same air quality if in-duct UVGI is meant to be used due to the
short exposure time of air to UV in the supply duct.

The simplified model determined that S. aureus killing rate of
the in-duct UVGI when used should be about 57% to achieve the
498 CFU/m>® obtained using 24 W of upper-room UVGI. The
required in-duct UV output is estimated to be about 180 W using
the work of Lau et al. [64] that experimentally measured the UV
irradiance in a similar duct assumed to have same UV reflectance
and diffusion properties. The average UV irradiance was about
1.31 W/m? which is quite close to the irradiance required in the
current case.

The use of upper-room UVGI for reducing bacterial concentra-
tions in occupied spaces is more economical than increasing fresh
air intake at the supply. Without the use of the UVGI in the pre-
sented case study, the critical mixing ratio of 45% would have be
decreased to 30% to establish healthy air quality in the breathing
zone. This will result in additional energy consumption on the
cooling system while same air quality can be obtained with
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Fig. 8. Plots of bacteria concentration using the multi-layer model and the CFD
simulation predictions as a function of height for room air (a) without use of UV
lamps and (b) with use of UV lamps.
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Fig. 9. Variation of critical mixing ratios with stratification height based CO,
concentration and bacteria concentration standard limits in the occupied zone.

minimum cooling cost using the upper-room UGVI. Fig. 10 shows a
comparative plot of the electrical power consumption of the CC/DV
system during the peak load 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 mixing ratio of 30% dictated
by the healthy air quality requirement without the use of UVGI, the
system consumes 24% less energy than the 100% fresh air system.
In presence of UVGI, the return air can be increased to 45% leading
to 33% lower energy consumption than the 100% fresh air UVGI is
used, while no more than 10% saving is achieved when using in-
duct UVGI. The results of the energy simulations over the opera-
tional hours of each month are summarized in Table 3 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 mixing ratio

Electrical consumption during typical peak hour
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Fig. 10. Comparison of the system electrical consumption during the peak hour on
a typical day of June, July and August for different mixing ratios and UVGI types.

Table 3
Daily energy consumption (kW h/day) for conditions that meet IAQ requirements.

Month  100% Mixed supply Mixed supply air Mixed supply air

Fresh air without with upper-room with in-duct
supply air UV UVGI UVGI

June 6.09 4.46 3.95 536

July 6.47 4.92 4.32 5.73

August  6.57 5.11 4.60 6.01

dictated by the WHO standard for bacteria concentrations [5] with-
out the use of UGVI, the system consumes up to 27% less energy
than the 100% fresh air system. When the CC/DV uses higher frac-
tions of return air in the presence of UVGI, energy savings can
reach 35% in case of upper room UVGI, while no more than 12%
saving can be achieved when using in-duct UVGL

7. Conclusions

A simplified plume multi-layer model has been developed for
airborne bacteria transport in rooms conditioned by DV/CC system
and equipped with upper room UVGI louvered lamps. The model
divided the room into different zones depending on mechanism
of bacterial transport for buoyant, partially mixed, and fully mixed
regions. The model was validated using CFD simulations and
results showed good agreement in predicted bacterial concentra-
tions as function of height using both methods.

The simple bacteria transport model serves as a design tool that
can be used to ensure that selected return air ratios in CC/ mixed
DV system meets air quality requirements in spaces equipped with
upper-room UVGI systems and improve energy performance of the
CC/DV system. The use return air in CC/DV rooms enhances the
economical viability of this system, but it is constrained by air
quality requirements for occupants based on maximum allowable
level of bacteria and CO, concentrations. It can be concluded from
this work that it is the bacteria and not the CO, concentration in
breathing zone that determines the indoor air quality in CC/DV sys-
tems since the CFU count requirement has been proven more
restrictive over that of CO,. The use of upper room UVGI in CC/
DV system helps to effectively increase the return mixing ratio
and then optimize the energy performance of the system while
maintaining good and healthy indoor air quality.

The advantage of mixed DV systems when using upper room
UVGI is that the upward airflow in DV systems transports patho-
gens to the upper irradiated zone where they receive sufficient
UV dose due to air recirculation in that zone. The return air is then
effectively disinfected before being used with significant fraction
in the supply upstream without violating the CFU count
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requirement, and at relatively low UV cost when compared to in-
duct UVGI systems that have less economic viability.
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