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ABSTRACT
During the recent decades, there has been a renewed interest in dispersion of airborne
microorganisms and disinfection of hospital patient rooms. This interest was particularly
invigorated after results of microorganism dispersion from Computational Fluid Dynamics (CFD)
obtained the same results as the physical phenomena are. The growing interest in dispersion of
airborne microorganisms revealed a need to disinfect indoor environment of buildings. This
disinfection process of building indoor environments increases the occupants’ health and
decreases the overexposure risk of occupants to contaminants. A practical way to disinfect rooms
with known presence of microorganisms, such as patient rooms or microbiology laboratories,
uses upper-room ultraviolet germicidal irradiation (UR-UVGI) lamps. However, performance of
UR-UVGI lamps in the patient rooms depends on a transport phenomenon that is not completely
understood. For instance, it is important to notice that the wavelength of UV-C emitted from the
UR-UVGI lamps can be useful to inactivate DNA of microorganisms, but the same wavelength
can be harmful to occupants’ health.
The intention of the present master thesis is namely to study the UR-UVGI effectiveness
in patient rooms by using CFD. To assess a realistic performance of UR-UVGI lamps in patient
rooms, this thesis performed a sensitivity analysis on global results, such as the fraction of
remaining microorganisms, by applying various simplifications on the boundary conditions.
Then, this research study used two well-known particle dispersion and spatial distribution of
microorganism concentration methods: (1) The Eulerian method, and (2) The Lagrangian method.
This research study used two commercial CFD software, including the PHOENICS and the
Fluent, to implement the Eulerian and the Lagrangian method. To expedite simulation
computational time, the present research study utilized High Performance Computers (HP) at
Pennsylvania State University. This research study assessed the quality of simulations with these

iv
two methods by comparing the results with the existing experimental studies in the literature.
This validation provided confidence in the simulated results as well as an insight into efficient
simulations for future research studies.
To the best of our knowledge, there is no single study that used various kinds of
simplifications on the boundary conditions and used two microorganisms modeling approaches
together. Additional research studies are needed to further validation of local microorganism
concentration and improvement of simplifications. Finally, the CFD modeling methods and
simplification applied in UR-UVGI CFD studies should be developed to improve accuracy of
simulated results.
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Chapter 1

Introduction
Healthcare facilities and laboratory environments use upper-room ultraviolet germicidal
irradiation (UR-UVGI) lamps to reduce contaminant dispersion in indoor environments
(Memarzadeh et al. 2004). It is believed that UVGI lamps damage the DNA of a wide range of
microorganisms, killing them immediately or preventing their multiplication, which is a process
called inactivation (Shechmeister 1991; First et al. 1999a; Bolashikov and Melikov 2009). In the
inactivation process, the UV-C emitted from the UVGI lamp renders the microorganisms
harmless to the occupants’ health (Brickner et al. 2003; CIE 2003). Therefore, due to sudden rise
in the incidence of tuberculosis in the past two decades, healthcare facilities and laboratory
environments tend to install UVGI lamps for disinfection (First et al. 1999b; Xu et al. 2003).
This thesis uses computational fluid dynamics (CFD) as a tool to study the performance
of UR-UVGI lamps in patient rooms. This research study focuses on the CFD modeling methods,
approximations, and simplifications, while the details of UR-UVGI lamps and microorganism
characteristics are obtained from the existing studies. In this chapter, section 1.1 briefly reviews
characteristics of UR-UVGI lamps and their usage in patient rooms. Then, section 1.2 defines the
current problems and modeling methods. Furthermore, this section proposes the usage of CFD
modeling methods to study the performance of UR-UVGI lamps in the patient rooms. Finally,
objectives and outline sections define the main content of the current research study.
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1.1. UR-UVGI Lamp Characteristics
Reduction of microorganisms’ dispersion in indoor environments, such as healthcare
facilities, is important for design of healthy buildings. To reduce the microorganism concentration
levels inside of indoor environments, two methods can be used: (1) reducing the microorganisms’
generation rate from the microorganism source(s) and (2) controlling the dispersion of airborne
microorganisms. For typical indoor environments, controlling the dispersion of airborne
microorganisms is more appropriate than the reducing microorganisms’ generation rate. For
example, a microorganism generation rate depends on the type of indoor environment, and any
changes in the microorganism generation rate needs changes in occupancy usage. In contrary, a
physical barrier between patients can reduce the cross contamination between the patients. This
partitioning can reduce the direct influence of viable microorganisms on the occupants. However,
viable microorganisms are still available in that indoor environment. A practical approach to
reduce or interrupt the dispersion process of viable airborne microorganisms uses UR-UVGI
lamps.
Besides using UR-UVGI lamp(s) technology, other methods such as in-duct UVGI,
mechanical ventilation, differential pressure control, gas phase filtration, electrostatic filtration,
photocatalytic oxidation, and developing technologies can also interrupt the transmission of
airborne microorganisms (Kowalski 2006; Bolashikov and Melikov 2009). Depending on the type
of indoor environment, a combination of these methods can also be used (Geshwiler et al. 2003).
However, the main reasons to select the UR-UVGI lamp over the other methods are (First et al.
1999a):


Easily installed on existing walls and ceilings,



Additional equipment is not necessary,



Readily accessible for inspection and maintenance,
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Successfully preventing transmission of airborne microorganisms,



Promptly inactivate the DNA of different microorganisms

Some existing congregate spaces such as healthcare facilities and laboratory
environments already use UR-UVGI lamps to disinfect indoor environments. Using UR-UVGI
lamps in patient rooms is an appropriate deployment for these lamps. Unfortunately, in one hand,
due to weak immune system of patients, the risk of infection is higher than in other places. On the
other hand, the patients not only need to battle their own infection, but also any disease or
infection to which they are exposed while in the healthcare facility. Therefore, installation of URUVGI lamps in the patient room is a good option to protect occupants from the available risks
(Dreiling 2008). However, it is important to notice that the wavelength of UV-C can be useful to
inactive the DNA of microorganisms, but the same wavelength can be harmful to occupants’
health (Sung et al. 2008). For instance, depending on the exposure time and the UV intensity
received by the occupants, the eye and skin irritation can be an issue. Figure 1-1 shows successful
installations of UR-UVGI lamps in indoor environments to experimentally study the side effects
of UR-UVGI lamps on the occupants.

(a) Configuration 1

(b) Configuration 2

Figure 1-1. An example of appropriate installed UR-UVGI lamps in indoor environment (Photo:
©Randall Perry Photography) (a) Configuration 1, and (b) Configuration 2

4
1.2. Current Modeling Methods
If properly used UR-UVGI lamps could potentially offer several benefits to occupants in
healthcare facilities. Therefore, the performance assessment of UR-UVGI lamps is important, so
there have been several proposed models to study UR-UVGI lamps in patient rooms
(Memarzadeh et al. 2004; Noakes et al. 2004 and 2006). Until now, none of these models has
been properly compared with each other. Verification and validation are key steps of model
development to prove that the models are correctly representing the physical phenomena and
using the appropriate mathematical models (Ferziger and Peric 2002, Chen and Srebric 2002).
Thus, there is a need for a CFD research study that properly models important parameters for
performance assessment of UR-UVGI lamps in healthcare facilities and laboratory environments.
Experimental, analytical, and numerical research studies explored the performance of
UR-UVGI lamps in the patient rooms (Memarzadeh et al. 2004; Noakes et al. 2004; Kowalski
2006; Noakes et al. 2006; First et al. 2007; Rudnick and First 2007; Sung et al. 2008; Sung et al.
2009; Sung and Kato 2010). At present, lack of extensive experimental data causes difficulties in
verifying the performance and configuration of UR-UVGI lamps in the patient rooms. Usually, in
the existing experimental studies, the microorganism sources are located in the middle of the
room and only did limited performance parameters have been examined (First et al. 2007;
Rudnick and First 2007). Moreover, there are no exact analytical solutions for these transport
phenomena, so simplified analytical solutions are typically provided for the prediction of URUVGI lamp performance parameters in the patient rooms (Noakes et al. 2004).
The proposed research study offers possibilities to reduce the cost and time with an
effective CFD method for assessment of UR-UVGI lamp effectiveness in the patient rooms.
Development of the suggested approximations, simplifications, and methods would increase
potential for use of adequate computational resources and accurate results. The proposed work
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can enhance the possibility for using CFD as a reliable simulation method to predict, enhance,
and optimize the effectiveness of UR-UVGI lamps.

1.3. Thesis Objectives
This research study focuses on the CFD modeling approximations and simplifications to
study the effectiveness of UR-UVGI lamp performance. This thesis defines and demonstrates
importance of CFD modeling, approximations, and simplifications on accurate predictions of URUVGI lamp effectiveness in patient rooms. The most important part of UR-UVGI study is the
implementation of the microorganism source term along with the UVGI lamps irradiation fields
inside of patient rooms. Besides the UVGI lamp irradiation and the microorganism source, all the
other boundary conditions and CFD simulation parameters can be treated based on the
recommendations in the existing literature for general indoor airflow simulations (Srebric and
Chen 2001; Srebric et al. 2008; Fluent 12 2010; Zhao et al. 2002). Therefore, the current thesis
proposes various approximations for the simulation of UV irradiance field and microorganism
modeling method. Consequently, based on the analyzed data, this research study develops general
criteria to accurately simulate the performance of UR-UVGI lamps in patient rooms.
In the present research study, two well-known particle dispersion and spatial distribution
methods are used: (1) The Eulerian method, and (2) The Lagrangian method. Generally, these
two methods differ in computational time and accuracy of results (Loth 2000; Zhang and Chen
2006). Furthermore, a few studies compare the UR-UVGI CFD simulation methods with existing
experimental data (Noakes et al. 2004; Memarzadeh 2004a). In the present study, the quality of
simulations will be assessed by comparison with the previous experimental studies conducted in
an environmental chamber at the Harvard School of Public Health (First et al. 2007, Rudnick and
First 2007, Rudnick 2008 and 2009). This validation will provide an insight into performance of
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different CFD simulation methods. For the simulations based on the Eulerian method, this study
uses parallel version of PHOENICS 2008 (CHAM 2009). Fluent 12 has been used to simulate
effectiveness of UR-UVGI lamps in the patient rooms with the Lagrangian method (Fluent 12
2010). To increase the speed of simulations, this research study uses high performance computers
(HPC) at Pennsylvania State University. In addition, this research study uses three different
software packages including Matlab, Microsoft Excel, and Tecplot to enhance the representation
of the study results (MATLAB R2009a; Excel 2007; Tecplot 360). Appendix B briefly explores
the supplementary programs and software packages.
The potential benefits of the proposed research could be in providing safer and healthier
indoor environments by enabling optimization UR-UVGI lamp effectiveness. Results of this
study can be used to first verify and validate the current experimental studies. Due to high
experimental costs and other limitations with the available experimental facilities, CFD method
can be used as an alternative to the experimental method. Having new CFD approximations and
simplifications would allow examining tradeoffs between the computational costs and the
accuracy of simulation results. Moreover, the results of this research study for patient rooms can
be extended to larger spaces. For example, hospital wards usually consist of multiple patient
rooms with almost same geometries. Figure 1-2 shows potential distribution of UR-UVGI lamps
in a hospital ward. Thus, similar to the representation in Figure 1-2, it is possible to infer that
other indoor environments can use the results, approximations, and simplifications of this study.
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UR-UVGI lamp

UV Irradiance emitted from UR-UVGI lamp

Figure 1-2. Distribution of UR-UVGI lamps in a typical hospital ward (plan view)

1.4. Thesis Outline
The thesis is divided into seven chapters and four appendices. Chapter 1 is a brief
introduction to the background, current problems, objectives, and the outline of this thesis. Then,
to define the current problems and support the objectives of this research study, chapter 2
provides a critical literature review with emphasize on CFD studies of UR-UVGI lamps in patient
rooms. This CFD literature review provides a fundamental background on the subject matter.
Chapter 3 describes the proposed simplifications for the critical boundary conditions in assessing
performance of UR-UVGI lamps. Chapter 4 deals with one of microorganism modeling methods,
the Eulerian method, to assess the performance of UR-UVGI lamp. Chapter 5 utilizes the second
microorganism modeling method, the Lagrangian or the particle tracking method, to simulate the
dispersion for each individual microorganism in indoor environment. Chapter 6 presents the
comparisons and discussions, to assess differences between the Eularian and the Lagrangian

8
method. This chapter provides critical modeling considerations in deploying the Eulerian and
Lagrangian methods. Finally, chapter 7 concludes the work presented in this thesis, and it
provides recommendations for the future research studies.

Chapter 2

Literature Review
Several research groups studied performance of UR-UVGI lamps in patient rooms
(Memarzadeh et al. 2004; Noakes et al. 2004 and 2006; First et al. 1999a, 1999b, and 2007;
Rudnick and First 2007; Sung et al. 2008 and 2009; Sung and Kato 2010). Nevertheless, there are
still unanswered research questions, so the present research study also explores the performance
of UR-UVGI lamps in patient room by using CFD. In order to define the unanswered research
questioned and support the thesis objectives, this chapter provides a brief literature review on the
performance of UR-UVGI lamps in a patient room with the emphasize on CFD studies. First,
section 2.1 briefly reviews the advantages and disadvantages of three modeling methods
including the experimental, analytical, and CFD simulation methods to assess performance of
UR-UVGI lamps in patient rooms. Finally, this section proposes the usage of CFD to study
performance of UR-UVGI lamps in patient rooms. Section 2.2, 2.3, and 2.4, focus on CFD
microorganism modeling methods, CFD UV irradiance modeling methods, as well as CFD
thermal boundary conditions modeling. Section 2.2 reviews CFD studies that considered different
microorganism models, and section 2.3 reviews CFD studies with emphasizing on the UV
irradiance field modeling methods. Finally, section 2.4 reviews UR-UVGI CFD studies focused
on thermal boundary conditions. This literature review provides the background on CFD
simulation methods to predict performance of UR-UVGI lamps in indoor environments such as
patient rooms.
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2.1 Advantages and Disadvantages of UR-UVGI Performance Prediction Methods
Based on the available studies in the literature, UR-UVGI lamp performance prediction
studies can be categorized into three specific types: (1) experimental methods, (2) analytical
methods, and (3) computational fluid dynamics (CFD) methods. All of these methods have their
own advantages and disadvantages. For example, in one hand, First et al. (1999) suggested
relying on the experiences and empirical methods, until the CFD results become readily available
(First et al. 1999b). On the other hand, Noakes et al. (2004), Memarzadeh et al. (2004), and Sung
et al. (2008 and 2009) specifically used CFD to study the inactivation of airborne microorganisms
due to existence of UR-UV irradiation field (Noakes et al. 2004b; Memarzadeh et al. 2004; Sung
et al. 2008 and 2009). Therefore, depending on the availability and accuracy of prediction tools,
one of these methods or a combination of these methods can be used.
Experimental studies with minimized uncertainties can usually provide comprehensive
details to explore different physical phenomena (Versteeg and Malalasekera 2007). Consequently,
in one hand, similar to other physical phenomena, it is important to study performance of URUVGI lamps in patient rooms experimentally. On the other hand, the capabilities and accuracy of
acquisition equipment and Heating, Ventilating, and Air-conditioning (HVAC) control systems
can significantly influence research findings in experimental studies. For instance, the existing
experimental studies locate the microorganism source in the middle of the environmental
chamber as a “passive source of contamination” (First et al. 2007; Rudnick and First 2007; Xu et
al. 2003), which is defined as a microorganism source not associated with a heat source such as
human occupants. Besides equipment accuracy problems, studies with microorganisms have
problems with live generating, culturing, and dispersing microorganisms. For example, culture
and generation of B. subtilis and M. parafortuitum needs several days and laboratory environment
certified for work with these species. Details of the production process for different
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microorganisms used in UR-UVGI systems can be found in the literature (First et al. 2007, and
Xu et al. 2003).
Another method for studying performance of UR-UVGI lamps in patient rooms is the
analytical method. Noakes et al. (2004) developed an analytical method based on CFD results to
study performance of UR-UVGI lamps (Noakes et al. 2004). However, the analytical method
cannot be used alone to study performance of UR-UVGI lamps in three dimensional geometries
because analytical solutions include simplifications that might not be applicable to a specific
patient room. For instance, previously Kowalsky et al. (2000) used an analytical method to
develop a parametric study for an In-Duct (ID) UVGI lamp performance assuming twodimensional airflow domain (Kowalsky et al. 2000), which can be considered a reasonable
approximation for duct airflow, but not applicable to a patient room airflow that has a much more
three-dimensional pattern. Therefore, the analytical methods can be used as a complementary
method to generalize experimental or CFD results. However, analytical methods cannot be used
alone to study performance of UR-UVGI lamps in patient rooms.
In the end of the last century, CFD became an alternative method –or at least a
complementary method- to solve engineering problems (Ferziger and Peric 2002). Furthermore,
during recent decades, due to outbreak of severe acute respiratory syndrome (SARS) and avian
influenza in East and Southeast Asia, there has been an increased research interest in studying the
transport and control of airborne microorganisms (Beggs et al. 2006; Chao and Wan 2006; Li et
al. 2007; Nicas et al. 2005). This interest was particularly invigorated after a CFD study
established a connection between airborne transport of microorganisms and 2003 SARS outbreak
in Hong Kong (Yu et al. 2004). In addition, similar to air disinfection by UV lamps, UV lamps
have been used to disinfect water. These UV water disinfection methods gained attention before
the UV air disinfection. Wright and Hargreaves used a particle tracking method to study UV
water disinfection (Wright and Hargreaves 2001). Therefore, CFD has been used by various
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research groups to study performance of UR-UVGI lamps in patient rooms (Memarzadeh et al.
2004; Noakes et al. 2004 and 2006; Sung et al. 2008 and 2009; Heidarinejad and Srebric 2009;
Sung and Kato 2010).
Although CFD results similar to experimental and analytical methods have
disadvantages, the versatility of this method especially in transient transport situations render
CFD as a good tool for predicting, enhancing, and optimizing the performance of UR-UVGI
lamps. Usage of CFD together with the analytical and experimental methods can be effective.
Therefore, this research study uses CFD to study performance of UR-UVGI lamps in patient
rooms together with analytical tools and experimental data.

2.2. CFD UR-UVGI lamp Research Studies
Several CFD research studies of the UR-UVGI lamps exists in the literature (Alani et al.
2001; Memarzadeh et al. 2004; Noakes et al. 2004 and 2006; Sung et al. 2008 and 2009, 2010,
and Li et al. 2009). Table 2-1 shows a literature review summary of CFD studies for UR-UVGI
lamps. The publication date of these studies listed in Table 2-1 shows that this research field is
new, and only few research groups have studies effectiveness of UR-UVGI lamps in patient
rooms. Furthermore, these research studies be categorized into various groups including
approaches, commercial software packages, modeling methods, and air change rate. This
literature review focuses more on approaches and modeling methods than usage of commercial
software packages or variation of air change rates.
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Table 2-1. Existing CFD research studies of microorganism transport in the presence of URUVGI lamps
Study

Year

Approach

Software

Methods

Alani et al.

2001

Lagrangian

Flovent

CFD

Noakes et al.

2004

Eulerian

CFX

Memarzadeh et al.

2004

Lagrangian

Flovent

CFD

Noakes et al.

2006

Eulerian

CFD

CFD

Sung et al.

2008

Eulerian

Star CD

Sung et al.

2008

Eulerian

Star CD

2009

Eulerian

PHOENICS

CFD

2009

Eulerian

Fluent

CFD

Heidarinejad and
Srebric
Li et al.

Room dimension

ACH

4.5m × 3.5m × 2.7m

11.4,14.2

3

(42.5 m )

Analytical +

4.26m × 3.35m × 2.26m

CFD

(32 m3)
4.6m × 2.97m × 3.05m
(41.7 m3)
4.26m × 3.35m × 2.26m
(32 m3)

CFD +

5.4m × 6.0m × 2.7m

Experimental

(87.5 m3)

CFD +

5.4m × 6.0m × 2.7m

Experimental

(87.5 m3)
4.6m × 2.97m × 3.05m
(41.7 m3)
4.26m × 3.35m × 2.26m
(32 m3)

, 17, 18.4
6

2-6

2-6

11

11

2-6

6

Throughout the literature, depending upon the usage of CFD modeling method, Eulerian
and Lagrangian methods have been employed. Noakes et al. (2004; 2006), sung et al. (2008;
2009; 2010), as well as Li et al. (2009) used the Eulerian method, and Alani et al. (2001) and
Memarzadeh (2004) used the Lagrangian method. The Eulerian method treats microorganisms
with a continuum equation and solves the conservation equation for particle phase. In contrast,
the Lagrangian method deals with microorganisms as an individual particle and determines
particle trajectories based on the equations of motion (Fluent 12 2010). Both of these methods
have their own advantages and disadvantages (Loth 2000; Zhang and Chen 2006 and 2007). The
Eulerian method can usually simulate the same condition faster than Lagrangian method, but
Eulerian method cannot calculate history of particle trajectories. For instance, in one hand, the
Eulerian method successfully predicts distribution of contaminant concentration in indoor
environments (Zhao et al. 2004 and 2005; Mui et al. 2009). On the other hand, Lagrangian
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method has been widely used to simulate coughing, inhaling, and exhaling process of human
occupants (Zhang and Chen 2006, 2007, Zhang and Chen 2009; Zhu et al. 2005 and 2006).
Recently due to the arrival of high performance and high capacity computers, the Lagrangian
method became popular to simulate indoor environments. However, only few studies have used
CFD to study the performance of UR-UVGI lamps (Alani et al. 2001; Memarzadeh et al. 2004;
Noakes et al. 2004 and 2006; Sung et al. 2008 and 2009, 2010, and Li et al. 2009)
To interpret and discuss CFD results based on the Eulerian method, the Lagrangian
method can be used. In the Lagrangian method, it is possible to track individual particles. Similar
to the Eulerian method studies, Lagrangian studies confirm that there is a direct relationship
between the ventilation rate and the inactivation of microorganisms (Memarzadeh et al. 2004). In
addition, the inactivation results from both Eulerian and Lagrangian methods are consistent
(Memarzadeh et al. 2004). Another study verified this result as well, specifically for quasi steadystate airflow conditions (Zhang and Chen 2007).
From the prospective of CFD modeling methods, the studies listed in Table 2-1 used
various combinations of modeling methods including CFD method, CFD method with developing
analytical models, or CFD method with using experimental measurement data sets. For example,
to statistically using analytical method, it is possible to change position of microorganism sources
inside of the patient room to make a conclusion about a relationship among important parameters
(Alani et al. 2001). Alani et al. (2001) showed that these important parameters for studying
effectiveness of UR-UVGI lamps are UV irradiance field in the upper-zone and ventilation rates
(Alani et al. 2001). As another example in point, it is possible to develop an analytical model with
assuming two or three zone mixing model for investigation of the UR-UVGI lamp effectiveness
in ventilated rooms (Noakes et al. 2004). These models assume that the space is divided into two
or more zones, and in each zones the air mass is fully mixed, but the air masses between the
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zones are not completely mixed. These two- and three-zone mixing models have reasonable
results for predicting average microorganism concentrations.
A combination of the UV lamp location, lamp power, position of supply and exhaust for
the ventilation system, and room heating system in patient rooms has great effect in the
inactivation process. When supply air is in the low room level, and the exhaust is in the room
high level, the UVGI system performs better than when the supply air is in the high room level
and the exhaust is in the low room level (Noakes et al. 2006). In addition to these parameters,
mixing devices such as fans and heaters can increase the inactivation process in patient rooms by
increasing the microorganism exposure to UV radiation, which depends on airflow pattern.
To model the dispersion of microorganism in an indoor environment, it is crucial to
understand the physical forces acting on the microorganisms. For example, Zhu et al. (2006)
studied the dispersion of saliva droplets in indoor environment with considering the relationship
of particle diameters and physical forces (Zhu et al. 2006). They assumed that the effects of
gravity or inertia on the droplets of 30µm or less are negligible due to their small sizes. Therefore,
these droplets mostly transport with the indoor airflow. Moreover, various particles interactions
such as collision, splitting, and evaporation are negligible in CFD simulations of indoor
environments (Zhu et al. 2006).
As results of this literature review, the present research study uses two microorganism
modeling methods, Eulerian and the Lagrangian methods, to compare the advantages and
disadvantages of CFD modeling of a patient room with installed UR-UVGI lamp(s). Moreover,
the present research study uses the existing and new simulations results to develop new CFD
modeling approximations and simplifications.
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2.3. CFD and UV Radiation Field Emitted from UR-UVGI Lamps
One of the main important parameters in the UR-UVGI lamp CFD studies is related to
implementation of UV irradiance field inside of the CFD simulation domain. Throughout
literature, there are three popular methods to implement the UV irradiance field into the CFD
software packages. These methods are: (1) single-averaged value for UV irradiance field in upper
room space, (2) local UV irradiance field based on the statistical methods, and (3) local UV
irradiance field based on experimental measurements. In the first method, the indoor volume is
separated into several control volumes with approximately uniform UV irradiance (Memarzadeh
et al. 2004). This method, depending upon the number of control volumes, has been called a
multi-zone model; as an illustration, for three control volumes, the name is “three-zone model”.
One of these control volumes usually has uniform UV irradiance, and only the airflow pattern
affects the inactivation process. This method has been widely used with a scalar transport
equation for microorganism concentration. Equation (2-1) shows effect of UV irradiance field in
the microorganism concentration equation:

(

where

)

(

)

(2-1)

is the microorganism concentration, U is the indoor fluid velocity,

kinematic diffusivity,

is the microorganism susceptibility constant, and

is the

is the UV irradiance

at arbitrary point (p) inside of the indoor environment.
For highly non-uniform irradiance field, the second and third methods use local UV
values; the difference between these two methods is only in the derivation of UV irradiance data.
In the second method, a statistical approach can be used to evaluate the value of UV irradiance
field for each position by assuming a continuous equation for UV irradiance field. Therefore, the
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UV values in this method has uncertainties depending upon the quality of modeling assumptions.
Kowalski et al. (2002) used the view factor method to calculate the amount of UV irradiance at
multiple points in a room (Kowalsky et al. 2002). They used the Inverse Square Law to compute
the intensity of light at any distance from the lamp.
In the third method, measurement devices, such as actionionmetry, experimentally
measure values of UV irradiance in several locations (Rahn et al. 1999; Rahn 2004; Schafer et al.
2008). Then, the measured UV intensity distribution in upper room space can be applied to each
location in the upper room space. These discrete irradiance values can be interpolated to create a
UV irradiance field. Then, a local UV irradiance can be accounted for all control volumes inside
of a CFD domain for patient rooms. For instance, Sung et al. (2008) experimentally measured the
UV irradiance field from the UVGI lamp in a dark room and then implemented the UV values
into the CFD simulations (Sung et al. 2008). In addition, Sung et al. (2009) show that the
distribution of the UV irradiance field in indoor environment has significant effects on
inactivation process (Sung et al. 2009). Recently, P-1 method has been used to implement the UV
irradiance intensities into CFD simulations of UR-UVGI lamps (Li et al. 2009). This study used a
transport equation for the incident radiation to compute the inactivation term in Equation (2-1).
The usage of this method for UR-UVGI studies is new and still details of this method should be
investigated. Nevertheless, this P-1 method was previously used in the combustion studies to
relate thermal radiation heat transfer into temperature, absorption, and reflection coefficients by
using orthogonal series of spherical harmonics. Then, this equation was numerically solved with
other conservation equations.
Several UV intensities have been used in the literature to implement effects of UR-UVGI
lamps into conservation equation in UR-UVGI CFD studies. Single averaged UV intensity value
and local UV intensity values were successfully utilized in the previous studies. Hence, the
present study uses single average UV intensity value and local UV intensity values. Moreover,
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this research study extends the applicability of single averaged UV intensity value method, by
using multi averaged UV intensity values method. Instead of a volume with uniform and single
UV irradiance intensity, depending on the distance of points from UR-UVGI lamps, several
uniform and averaged volumes are constructed in the CFD domain.

2.4. Thermal Boundary Conditions in UR-UVGI Lamp Studies
As another perspective, the CFD studies on performance of UR-UVGI lamps can be
evaluated with either isothermal or non-isothermal simulations (Memarzadeh et al. 2004; Noakes
et al. 2004 and 2006; Sung et al. 2008 and 2009; Heidarinejad and Srebric 2009; Sung and Kato
2010). Among reviewed studies, only two studies used non-isothermal simulations (Noakes et al.
2006; Heidarinejad and Srebric 2009). A research study showed that in regions near wall where
air velocity is smaller than average air velocity inside of the environmental chamber, effects of
buoyancy force become important (Hu 2004). For instance, in an environmental chamber
equipped with mechanical systems mainly the mechanical ventilation system determines indoor
airflow pattern. However, in locations with very slow local airflow velocities, the airflow pattern
within such area is less influenced by the ventilation airflow pattern. In other words, the main
controlling factors for particle transport in the ventilated rooms include airflow pattern, particle
properties, geometry configurations, ventilation rates, supply and exhaust diffuser locations,
internal partitions, thermal buoyancy due to the heat generated by occupants and/or equipment
(Zhao et. al 2004). Thus, if thermal objects, such as visible lamps, UR-UVGI lamps, and humans,
are located within that space, their convection plumes may generate considerable disturbance to
local airflow. Therefore, two possible choices of isothermal and non-isothermal simulations were
previously used in the literature to study performance of UR-UVGI lamps in patient rooms.
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In the present study, based on the diameter of microorganisms dispersed from the
microorganism source, the microorganisms follow the airflow pattern. Consequently, the effect of
buoyancy force and airflow pattern inside of indoor environments becomes vital to increase the
chance of inactivation. In addition, when the environmental chamber in the experimental studies
is exposed to outdoor environment, the effect of thermal boundary conditions such as the heat
flux even with highly insulated walls becomes important (Srebric et al. 2008). Therefore, the
buoyancy force and the airflow pattern significantly affect the distribution of microorganisms
inside of a room (Heidarinejad and Srebric 2009).
In summary, this chapter reviewed the studies in the literature including different
methods to study UR-UVGI lamps, microorganisms modeling methods, UV irradiance field
modeling methods, and thermal boundary conditions method in the CFD studies. Then, based on
this literature review, the subsequent chapters will define and establish new recommendations on
how to use CFD for performance predictions of UR-UVGI lamps in a patient room.

Chapter 3

CFD Simplifications in Modeling of UR-UVGI Lamp Performance
When modeling physical systems with CFD, it is important to create a comprehensive
numerical model that accounts for complexity of physical phenomena in a simplest possible way
to preserve model accuracy and enable fast simulations. When modeling patient rooms with
installed UR-UVGI lamps, significant considerations have to be devoted to modeling
microorganism source and UR-UVGI lamp(s). Besides these two boundary conditions, other
physical objects inside of the room and the room itself can be treated based on recommendations
in the existing literature on indoor airflow CFD simulations (Srebric and Chen 2001; Srebric et al.
2008; Zhao et al. 2002; CHAM 2009; Fluent 12 2010). There are different ways to implement
microorganism source and UR-UVGI lamp boundary conditions into CFD domain. This chapter
explains possible CFD modeling methods and simplifications that can be used to implement these
boundary conditions into CFD domain. In the following chapters, a sensitivity analysis will show
significance of these modeling methods and simplifications in predicting performance of URUVGI lamps. Some of these CFD modeling methods and simplifications have been used
previously in other research studies to find effectiveness of UR-UVGI lamps (Memarzadeh et al.
2004; Noakes et al. 2004 and 2006; Sung et al. 2008 and 2009; Heidarinejad and Srebric 2009;
Sung and Kato 2010). In addition to these existing CFD modeling methods and simplifications,
the present study proposes new CFD modeling methods and simplifications and explores their
effects on effectiveness prediction of UR-UVGI lamps.
Section 3.1 compares differences between two microorganism representation methods
including the Eulerian and the Lagrangian methods in existing CFD studies and this study. Then,
effects of particle diameter in CFD simulations are presented in section 3.2. Implementation of
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UV irradiance field into CFD software packages or post-processing stage is important. Hence,
section 3.3 explores UV irradiance modeling methods and simplifications in CFD studies as well
as proposes a new modeling method. Furthermore, in the Eulerian and the Lagrangian method, a
representation of microorganism sources in CFD software packages is different; thus, Section 3.4
reviews these representation methods of microorganism source. To interpret the results of the
presented research study, section 3.5 introduces and defines a new scale in UR-UVGI studies.
Finally, section 3.6 reviews the rest of important boundary conditions and simplifications in URUVGI CFD studies.

3.1 Representation of Microorganisms into Flow Field in CFD Studies
Generally, two approaches in analyzing problems in mechanics are (i) the Eulerian
method -or method of description- and (ii) the Lagrangian method (White 1986). These two
approaches have also been used in the present research study to model microorganisms. The
Eulerian method treats microorganisms with a continuum equation and solves the conservation
equation for particle phase. Therefore, the Eulerian method applied to the dispersed-phase
assumes particle characteristics, such as velocity, temperature, or microorganism concentration,
as variable fields. This assumption allows the dispersed-phase to be treated with the same
discretization and similar numerical techniques as used for the continuous-phase (Loth 2000). On
the contrary, the Lagrangian method treats microorganisms as discrete particles. These particles
move at their own independent velocities. Consequently, it is possible to follow each particle
individually to determine the trajectory of each particle. Figure 3-1 illustrates the differences
between the Eulerian and the Lagrangian method. For instance, in the Eulerian method, defined
nodes directly provide concentration of microorganisms, but in the Lagrangian method, based on
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the volume of control volume, number of particles, and residence of particles in each control
volume, concentration of microorganisms is computed.

Figure 3-1. The Eulerian method versus the Lagrangian method particle representations (Loth
2000)

In general, regardless of the microorganism modeling approach, CFD results should be
consistent with each other as well as with experimental results. However, depending on each of
these approaches, the quality of obtained results is different. For instance, in one hand, the
numerical complexity of the Eulerian method is lower than the complexity of Lagrangian method
(Loth 2000; Zhao et. al 2004). On the other hand, the Lagrangian method provides more
informative results including the position of individual particles (White 1986). These informative
results from Lagrangian method can also be used in the experimental studies to redesign
experimental facilities and data acquisition systems. For example, in experimental studies,
measured data are mostly based on the data needed for accuracy evaluation of the Eulerian
modeling method. In these experimental research studies, probes are usually installed in the
exhaust, and they are located in fixed positions (as shown in Figure 3-2). Then, the sampling
devices measure number of particles at the exhaust when the lamp is “on” and then when the
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lamp is “off”. Therefore, when probes are located in a fixed position at the exhaust, the output of
the probes is based on the Eulerian model description.

Figure 3-2. Typical position of sampling probes in experimental studies

It is quite important to compare experimental data sets with CFD simulation results,
especially Lagrangian results. Even though experiments can provide reliable particle dispersion
data, the Lagrangian method can predict particle dispersion with much more details. For example,
available data acquisition systems and probes cannot follow each microorganism to determine
position of each particle. Therefore, it is not possible to determine inactivation of a specific
microorganism in experimental research studies. However, in the Lagrangian modeling method,
each particle has a specific identification number, so position of each particle at each time
instance is available. Then, it is possible to exactly determine inactivation of a certain particle.
As an example in comparison of experimental results with CFD results, several particles
usually pass through the upper UV zone, yet it is not possible to determine which microorganism
is viable or not after they leave the zone. Depending on the amount of dose for a specific particle,
the microorganism is viable or not. Therefore, to determine viability of a specific microorganism,
it is crucial to follow particles for a long time. Then, the amount of dose for a specific
microorganism can be computed based on the position of each particle, amount of UV irradiance

24
filed emitted from UR-UVGI lamps, and the particle residence time. Hence, the Lagrangian
method can even provide more details on inactivation process than experiments. As an
illustration, particle path 1 in Figure 3-3 shows that a specific microorganism does not reach to
UV irradiance field to be inactivated. On the contrary, particle path 2 and path 3 in Figure 3-3
enable exposure to UV irradiance field. However, a microorganism in path 2 is inactivated, and a
microorganism in path 3 does not receive sufficient amount of dose to be inactivated. This kind of
interpretation is possible with the Lagrangian method, yet it is not possible to determine that a
specific particle is viable or inactivated at the end of an experiment.

Path 3

Path 2

Path 1

Figure 3-3. Schematic representation of sampling locations in experimental studies and potential
particle paths (trajectories) in a patient room

To determine a position of a specific particle in CFD studies, it is more appropriate to use
the Lagrangian method than the Eulerian method. For example, Figure 3-4 shows trajectory of a
specific particle directly transported from the microorganism source to the exhaust. This particle
trajectory can be helpful to determine effectiveness of UR-UVGI lamps in patient rooms.
Moreover, the effectiveness of UR-UVGI lamps is defined as ratio of microorganism
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concentration when the UR-UVGI lamp is “on” to microorganism concentration when the URUVGI lamp is “off” (

). Where

and

show microorganism concentration when

UR-UVGI lamp is “on” and when it is “off” respectively. Another possibility for this definition is
the ratio of viable microorganism when the UR-UVGI lamp is “on” to when it is “off” (
Where

and

).

show number of viable microorganism when UR-UVGI lamp is “on”

and when it is “off” respectively. Thus, there is no need to convert the number of particles to
concentration of microorganism when calculating the UR-UVGI lamp effectiveness. For
example, Figure 3-5 shows microorganism concentrations in a horizontal cross section at the
2.4m elevation from the floor for 6ACH airflow ventilation rate when the UR-UVGI lamp is “on”
and when it is “off”. Therefore, in this case, the effectiveness of UR-UVGI lamp is defined based
on

based on

. However, in the Lagrangian method, the effectiveness of UR-UVGI lamp is defined

.

Figure 3-4. Lagrangian calculated particle trajectory showing direct transport from the
microorganism source to the exhaust
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(a)

(b)

Figure 3-5. Eulerian calculated concentration (CFU/m3) contours in a horizontal cross section in
the middle of the UVGI lamp elevation (a) when UVGI lamp is “off” and, (b) when UVGI lamp
is “on”

This research study utilizes both the Eulerian and the Lagrangian methods to compare the
simulation results. Moreover, this study determines advantages and disadvantages of using CFD
to study effectiveness of UR-UVGI lamps. To sum up this section, in one hand, experimental
studies provide necessary data for the validation of CFD results. On the other hand, there is a lack
of knowledge and acquisition instrumentation to determine the difference between the viable and
the inactivated microorganisms in the experimental studies. Consequently, CFD results including
Eulerian results and Lagrangian results can also provide an insight into tradeoffs between the
experimental and the CFD approaches in determining effectiveness prediction of UR-UVGI
disinfection systems.

3.2 Particle Diameter
A particle diameter is one of the main important parameters to determine an appropriate
microorganism modeling method and characterize behavior of microorganisms. Most of particle
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properties depend on the particle size (Hinds 1999). Not only do the properties of particles
depend on the particle diameter, but also the governing law of a particle motion depends on the
particle sizes. Therefore, particle sizes and particle size forces are the main important parameters
to determine particle properties. For example, for particle diameters from 2.1μm to 3μm with
mean radius of 2.5μm, particles are inert and they follow the airflow pattern, so there is no need
to consider a new phase. It is, therefore, feasible to define the particle concentration as a scalar
variable, which moves only with the airflow. These particles are too light to fall under their own
weight, and too small, to be considered as a separate phase in CFD calculations. As another
example, particles with diameters greater than 10µm have limited stability in indoor
environments, but depending on the location of occupants and the exposure of occupants to the
source(s), these particles can be important in indoor environments (Hinds 1999). Therefore,
particle diameter is an effective factor to determine an appropriate modeling method in CFD
studies.
Depending on the type of indoor environment, various kinds of microorganism are
present. These microorganisms can create risk of cross contamination between patients, staffs,
and visitors in hospitals. Although in real patient rooms with human occupants, various kinds of
microorganisms are available, UR-UVGI lamp experiments typically use a specific kind of
microorganism and use nebulizers to create specific diameter of microorganisms. In other words,
all particles are chemically identical, and nebulizers typically disperse microorganisms from
2.1μm to 3μm diameter. Therefore, dispersed microorganisms in this present research study can
be represented by the homogenous and monodisperse assumption.
In the numerical part of this study, the particle models use two kinds of modeling
approaches for particle diameters. In the first approach, all particles have 2.5μm diameter, and in
the second modeling approach, this research study uses Rosin-Rammler diameter distribution
method to disperse a range of particles with diameters from 2.1μm to 3μm and a median diameter
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of 2.5μm (Fluent 12 2010). These values of diameters have been selected based on performance
of nebulizers in the experimental studies (Hinds 1999; Rudnick and First 2007; First et al. 2007).

3.3 Implementation of UV Irradiance Field in CFD Studies
In general, irradiance is defined as the UV power received on a surface divided by the
area of that surface. Several research studies explored various methods to experimentally measure
the UV intensity emitted from UVGI lamp(s) (Rahn 2004; Rahn et al. 1999; Schafer et al. 2008;
Rudnick 2001). This study uses experimental measurements of UR-UVGI lamp irradiation in a
patient room to implement this UV irradiance field into CFD software packages by using various
modeling methods and simplifications. The modeling methods and simplifications are presented
from the simplest one to the complex one. These modeling methods and simplifications are: (i)
using a single average value for UV irradiance in the upper zone, (ii) using different configuration
of average UV irradiance values in the upper zone, and (iii) using local UV irradiance values for
each point in the upper zone. Finally, this research study conducts a sensitivity analysis for these
three UV irradiance filed implementation in CFD simulations.

3.31. Single Average UV Intensity Value Method
This single average zone method associates the entire UV intensity field emitted from
UR-UVGI lamps with a single average value. Then, this single UV intensity value can be applied
into a thin layer in front of the UR-UVGI lamp in the upper zone. Furthermore, if this single
average UV intensity method can be used, then the sizing of UR-UVGI lamps is greatly
simplified (Kowalski 2000). Moreover, at a distance of up to 3m from the louvered lamp fixtures,
95% of the emission is confined to a 30cm band height (First et al. 1999b). Thus, this modeling
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method is a good way to simplify implementation of UV irradiance field in the upper room space.
For this assumption, the patient room is divided into different volumes based on the presence or
absence of the UV irradiance field. One of these volumes, upper-zone region in Figure 3-6, uses
uniform UV irradiance to inactivate the microorganisms dispersed from its source located in the
center of the room.

Figure 3-6. Representation of the UV irradiance field with a single average value in the thin
horizontal layer named upper zone region
Table 3-1, Table 3-2, and Table 3-3 show several configurations for selection of a single
UV irradiance value depending on the volume (height) of the upper-zone region. In this method,
selection of UV average volumes is a key factor. Depending on the airflow pattern and the height
of UV volume, inactivation process is different. Therefore, a careful consideration should be used
to find a tradeoff between the height of the upper zone region, the region elevation from the floor,
and the intensity of UV irradiance field.
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Table 3-1. Average values of UV irradiance field based on experimental data for different
volumes of the upper-zone region positioned at the bottom of the UR-UVGI lamp elevation
(Rudnick and First 2009)
Height of UV zone (cm)
UV average value (

)

67

52

41

30

19.8

10.6

33.9

42.6

49.9

55.2

41.2

17.4

Table 3-2. Average values of UV irradiance field based on experimental data for different
volumes of the upper-zone region positioned 11cm above the bottom of the UR-UVGI lamp
elevation (Rudnick and First 2009)
Height of UV zone (cm)

22.8

18.2

15.2

12.2

10.7

UV average value (

72.3

76.9

77.9

75.9

73.1

)

Table 3-3. Average values of UV irradiance field based on experimental data for different
volumes of the upper-zone region positioned 17cm above the bottom of the UR-UVGI lamp
elevation (Rudnick and First 2009)
Height of UV zone (cm)
UV average value (

)

12.2

10.6

9.1

7.6

6.1

87

89.4

91.4

92.8

93.2

3.3.2 Multi Average UV Intensity Values Method
In the second UV irradiance modeling method, instead of assigning a uniform single UV
irradiance intensity value to a single UV irradiance volume, depending on the strength of the local
UV intensity emitted from UVGI lamps, several volumes with different uniform UV irradiance
intensities represent UR-UVGI lamp potential effects on the microorganisms (Figure 3-7). Due to
the dependence of UV intensity to its distance from UR-UVGI lamps, UR-UVGI lamp effects on
the microorganisms are approximated by the multi average UV intensity values method. In Figure
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3-7, solid lines represent actual UV irradiance distribution and dashed lines represent
approximated values for UV irradiance distribution applied into commercial CFD software.
To show the sensitivity of the multi average UV intensity values method on inactivation
of microorganisms, this study uses different combination of volumes. From CFD perspective, it is
more convenient to approximate these uniform UV irradiance volumes with multiple cubes. This
simplification uses 1, 3, 4, and 5 volumes. Depending on the Eulerian and the Lagrangian method
for microorganism simulations, the importance of this simplification will be assessed in the
following chapters. The simplicity of this method is, also, important in the Lagrangian method. In
this method, instead of the local UV irradiance implementation for each inactivation process, a

UVGI lamp

uniform UV irradiance field is applied to particles depending upon the position of particles.

UVGI lamp

UVGI lamp
Actual UV
Actual UV
Approximate UV
Approximate UV
irradiance
irradiance
irradiance
irradiance
Figure 3-7. Actual and approximate UV irradiance fields (a) a horizental cross section at the lamp
level, and (b) a vertical cross section in front of the UVGI lamp
In this UV modeling method, a selection of multiple uniform UV irradiance field is
important. Similar to single average value method in Table 3-1, Table 3-2, and Table 3-3, in the
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multi average UV values method, several possibilities are available for the selection of uniform
UV irradiance volumes. A practical way to select uniform UV volumes is presented in Figure 3-7.
A computer program is developed to represent interpolated local UV irradiance intensities as
several volumes with uniform and average UV intensities. Figure 3-7 shows UV intensity
distributions at the elevations where UV intensities have maximum UV intensity distributions. In
one hand, it is better to approximate UV intensities in the upper room space with non-orthogonal
user defined volumes in the commercial CFD software; on the other hand, in the CFD
commercial software package, creation of non-orthogonal user defined objects for inactivation
volumes is difficult. Therefore, this research study uses a tradeoff between volume shapes and
average UV intensity values. Appendix B briefly explains the supplementary computer program
used in the current research study to compute multi average UV values method.
Based on average UV intensity values in the existing literature (Rudnick and First 2007;
First et al. 2007), UV intensity distributions from Figure 3-7 can be extended into Figure 3-8
configuration. Figure 3-8 UV intensity distributions are developed from Figure 3-7 UV intensity
distributions. One way to analyze the UV irradiance distribution for the new configuration is to
compare its average value to the average UV irradiance distribution value for the previous
configurations. Then, measured UV irradiance field in Figure 3-7 is used to compute
experimental UV measurements for Figure 3-8 UV irradiance field configuration.
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UVGI lamp

UVGI lamp

Actual UV
Approximate UV
irradiance
irradiance

Actual UV
Approximate UV
irradiance
irradiance
Figure 3-8. Actual and approximate UV irradiance fields (a) a horizental cross section at the lamp
level, and (b) a vertical cross section in front of the UVGI lamp

3.3.3 Local UV Intensity Values
In the third UV irradiance modeling method, local experimental UV measurements are to
be used. In this method, local discrete experimental UV intensities are available for 85 values in
upper-zone. Then, based on these 85 points, a three dimensional interpolation is used to compute
a local UV intensity distribution for the upper-zone. In the present research study, the Lagrangian
method mostly uses this UV modeling method. Local UV intensities have been implemented into
CFD control volumes during the post processing stage. Then, based on the residence time of each
particle and the susceptibility of microorganisms, the local UV irradiance field can result in the
inactivation of microorganisms. Figure 3-9 shows two samples of the local UV irradiance field
distributions for two different horizontal cross sections at 2.3m and 2.4 elevations from the floor.
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Figure 3-9. Local UV irradiance values (μW/cm ) in a horizental plane (a) 2.3m from the floor;
(b) 2.4m from the floor

3.4 Microorganism Source Modeling
Occupants are usually sources of microorganism generation and dispersion in real patient
rooms. Respiratory secretions of these occupants are usually responsible for dispersion of
infectious microorganisms (Railey 1974). Then, these dispersed microorganisms can be
suspended inside of rooms due to coughing, sneezing, spitting, or vomiting of occupants. Figure
3-10 shows a schematic configuration of a patient room with a microorganism source and an
installed UR-UVGI lamp.
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UV-C emitted from UR-UVGI lamp

UVGI lamp

Microorganism Generator

Patient

Figure 3-10. Vertical cross section of a patient room with an installed UR-UVGI lamp
Depending on the type of patient rooms, available microorganism types and their
generation rates are different. These different combinations of microorganism types and their
generation rates create a complex situation in real patient rooms. Therefore, patient rooms are
environments that do not support replicable experiments. To produce a replicable experiment, it is
necessary to select known type of microorganisms and disperse microorganisms with a known
generation rate in UR-UVGI lamp experiments. Experimental studies typically use nebulizers to
disperse microorganisms. In other words, in UR-UVGI experimental studies, nebulizers play the
same function as occupants in patient rooms to generate and disperse microorganisms. Figure
3-11 shows a nebulizer typically used in experimental studies for evaluations of UVGI lamp
disinfection effectiveness.
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Figure 3-11. A nebulizer typically used in experimental studies (BGI Collison nebulizers
http://www.bgiusa.com/agc/collison.htm)
Depending on the microorganism modeling method, assumptions on input data for the
source term differs slightly. The present research study uses two different approaches to model a
nebulizer in CFD simulations. In the Eulerian method, a cube can represent the microorganism
source located in the middle of the experimental room (Figure 3-12). For the Lagrangian method,
this research study uses a discrete phase to represent the microorganisms by particles. In this
method, also, a cube represents the nebulizer, but assumptions for input data sets are slightly
different from the Eulerian method. Figure 3-13 presents various kinds of spray options to
numerically inject the disperse phase of microorganisms into indoor environment for the
Lagrangian method. For example, the present study mostly uses single particle dispersion from
microorganisms from each side of the source object. Other options such as the cone or the
multiple particle dispersion method have been also used in the present research study. This three
option of particle injections are used based on the Fluent injection options in the discrete phase
simulations. Figure 3-14 shows these different options in the Fluent commercial software
package.
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(b)

(a)

Figure 3-12: A microorganisms’ source representation with the Eulerian method in CFD
simulations (a) first option, and (b) second option

(a)

(c)

(b)

Figure 3-13: Microorganisms’ source representation in the Lagrangian method in CFD studies (a)
first option, (b) second option, and (c) third option

(a)

(b)

(c)

Figure 3-14: Particle injection defining in Fluent 12 commercial software (a) a single stream
particle, (b) an initial spatial distribution of the particle streams, (c) an initial spray distribution of
the particle velocity
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3.5 Definition of UR-UVGI Effectiveness (𝛈UR-UVGI) as a New Scale
The fraction of remaining microorganisms is typically used to quantify effectiveness of
UR-UVGI lamps in preventing microorganism dispersion in indoor environments. The fraction of
remaining microorganisms is defined as the ratio of the viable microorganism at the room exhaust
when the UVGI lamp is “on” to the available microorganism at the room exhaust when the URUVGI lamp is “off”. The following equation shows a definition of fraction of remaining
microorganisms at the room exhaust:

(3-1)

where

is fraction of remaining microorganism,

at the exhaust when UR-UVGI lamp is “on”, and

is microorganism concentration
is microorganism concentration when

UR-UVGI lamp is “off”.
This number is typically less than one, and it varies from zero to one depending on the air
exchange rates, strength of UR-UVGI lamp irradiance fields, and microorganism residence time
in the UV field. This is a key parameter to compare the results of present study with other
experimental data and CFD simulation results. Modeling methods and simplifications presented
in this chapter affect the amount of fraction of remaining microorganisms. In addition to this
parameter, another scale is needed to extend the applicability of CFD and experimental results.
Thus, this study proposes a new scale. This new scale originates from the definition of the
contaminant removal effectiveness ( ) (Novoselac and Srebric 2003). The contaminant removal
effectiveness provides additional pieces of information on removal of contaminants with known
indoor locations and generation rates. The original definition of this parameter is:
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〈 〉
where

(3-2)

is the contaminant concentration at exhaust,

is the contaminant

concentration at supply, and 〈 〉 is the room average concentration. The main sources of
contamination in patient rooms are microorganisms generated by patients themselves. In
experimental studies, nebulizers are responsible for dispersion of microorganisms. Besides
nebulizers, supply airflow does not disperse any microorganism into the environmental chamber.
Consequently, the following equation shows a revised form of contaminant removal effectiveness
for patient room with UR-UVGI lamp(s):

(3-3)

〈 〉
where 〈 〉
The value of

is the average room microorganisms when the UR-UVGI lamp is “off”.
is related to the ventilation effectiveness, and approximate values of

are

available in the literature for popular ventilation systems (Rim and Novoselac 2010; Novoselac
2003; He et al. 2005). Moreover, the fraction of remaining microorganisms can be rewritten in the
following form:

〈 〉
Equation (3-4) shows the effect of on

(3-4)
where

is the UR-UVGI effectiveness. Table

3-4 shows the limits for the contaminant removal effectiveness and the UR-UVGI effectiveness.
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Table 3-4. Limits for the contaminant removal effectiveness and the UR-UVGI effectiveness
Contaminant Upper limit

Contaminant source at the exhaust

removal

Flow does not affect the contaminant

effectiveness

dispersion in the room
Perfect mixing

Complete and instantaneous mixing
Position of contaminant does not have an
influence

Lower limit

Contaminant source is in the recirculation
area, which is completely separated from the
bypass area

UR-UVGI

Perfect

UR-UVGI lamp(s) completely disinfect

effectiveness

inactivation

indoor environment

Poor
inactivation

UR-UVGI lamp(s) does not have any
influence on the microorganisms distribution

3.6 Other Simplifications in UR-UVGI CFD Studies
This section explains other simplifications in CFD studies to study performance of URUVGI lamps in patient rooms. For instance, one of the simplifications in this research study is
related to perfect performance of UR-UVGI lamps. The present research study assumes that there
is no attenuation in the energy emitted from UR-UVGI lamps. In other words, UR-UVGI lamps
are assumed to be new, and there is no effect of time attenuation on the lamp performance.
Therefore, the amount of UV intensities received to each particle is based on the assumption of
lamp being completely new.
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As other simplifications, UVGI technology utilizes two disinfection method including (1)
surface disinfection method and (2) air disinfection method. However, UR-UVGI lamps mostly
utilize air disinfection method instead of surface disinfection method. Consequently, this research
study explores only air disinfection method in CFD simulations.
In experimental studies, microorganisms decay based on equation (3-5). In this equation,
number of microorganisms at the end of the exposure to UV irradiation is a function of the initial
number of microorganisms, microorganism susceptibility, amount of UV intensity, and exposure
time. Therefore, based on this equation, number of microorganisms can be calculated after the
UV exposure process. The present research study uses this equation to model performance of URUVGI lamps in the Lagrangian method. However, to model performance of UR-UVGI lamps in
patient rooms with the Eulerian method, a scalar can be used to represent number of
microorganisms in the room (Beggs et al. 2004). The following equation shows concentration of
microorganisms in the Eulerian method.

( )

( )

(

)

(3-5)

(

)

(3-6)

Furthermore, as other modeling considerations, in non-isothermal simulations it is
important to assume heat flux from the ceiling and walls in experimental environmental
chambers. Therefore, this study assumes heat flux transfer from walls into indoor environment to
reproduce boundary conditions similar to experimental conditions.
This chapter explored and explained CFD modeling method and simplifications for
microorganism representations, particle diameter effects, UV irradiance field from UR-UVGI
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lamps, microorganism sources, and other boundary conditions to study performance of UR-UVGI
lamps with CFD simulations. Remaining boundary conditions are similar to other indoor
environment boundary conditions, so available recommendations in the existing literature can be
used to model remaining boundary conditions (Srebric and Chen 2001; Srebric et al. 2008; Zhao
et al. 2002; CHAM 2009; Fluent 12 2010). In addition to these simplifications and modeling
methods, a new scale, contaminant removal effectiveness with UVGI lamps, has been introduced
to extend applicability of results. In the next chapters, a sensitivity analysis will show the
significance of these CFD modeling methods and simplifications.

Chapter 4

CFD Simulations of UR-UVGI Lamps with the Eulerian Method
The present research study concentrates on two CFD modeling methods including the
Eulerian and the Lagrangian methods. Chapter 4 uses the Eulerian method, and chapter 5
proceeds with the Lagrangian method. Section 4.1 briefly explores details of the Eulerian method
in studying effectiveness prediction of UR-UVGI lamps in a patient room. Then, based on the
CFD modeling methods and simplifications described in chapter 3, this chapter provides a
sensitivity analysis to compare CFD modeling methods and simplifications using the Eulerian
method. For instance, section 4.2 reviews effects of buoyancy force on the results obtained with
the Eulerian method. Then, section 4.3 uses the contaminant removal effectiveness definition to
use available values for ventilation effectiveness to eliminate number of unknown variables.
Section 4.4 explores the consequences of different UV intensity simplifications. Finally, section
4.5 compares effectiveness of two UR-UVGI lamp configurations in a patient room. The
simulation results of this research study undergo an experimental validation with the existing
experimental data available in the literature (First et al. 2007; Rudnick and First 2007)

4.1 The Eulerian Method
Based on the CFD simplifications, the Eulerian method in UR-UVGI lamp studies
couples the particle concentration equation with the continuity, momentum, turbulence, and
energy equations (Noakes et al. 2004b). Then, equation (2-1) is numerically solved to represent
microorganism concentration at each location in a patient room. In this equation,

term is a

“sink term” for microorganisms. The sink term in this scalar transport equation is due to the
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existence of UR-UVGI lamps in patient rooms. Hence, it is possible to implement the inactivation
effect of UR-UVGI lamp disinfection process in the microorganism concentration equation to
determine microorganism concentration field in a CFD domain. This section starts with the
effective particle diffusivity, section 4.1.1, and it proceeds with the implementation of UR-UVGI
effects in section 4.1.2. Finally, section 4.1.3 explains usage of single phase flow assumption in
the present research study.

4.1.1 Effective Particle Diffusivity
In equation (2-1) determining the effective particle diffusivity is vital. To determine this
parameter, it is better to start from the general definition of

with consideration of three

important diffusivities including the Brownian diffusivity, the particle turbulent diffusion
coefficient, and the gas diffusion coefficient (Tchen 1947; Hinze 1975). The following equation
shows the general form of effective particle diffusivity (
(
where
coefficient, and

):

)

(4-1)

is the Brownian diffusivity of particles,

is the particle turbulent diffusion

is the gas diffusion coefficient. For this study,

is much larger than

, and it

is also much larger than the Brownian coefficient. It can be stated that the Brownian coefficient
becomes important, when the particle diameter is greater than 0.01μm (Lai and Nazaroff 2000).
Furthermore,

and

are comparable when the Stokes number of particles reaches zero (Lai and

Nazaroff 2000). Hence, for this study,
microorganism concentration.

is the effective diffusivity in the transport equation of
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4.1.2 Implementation of UR-UVGI Lamp Effects in the Eulerian Method
Implementation of the Eulerian method with proposed simplification especially for the
UV irradiance field highly depends on commercial CFD software packages. This research study
uses a CFD commercial software package to model concentration of microorganism (CHAM
2009). It is easier to implement coupled concentration of microorganism with the continuity,
momentum, and energy equation with the Eulerian method in this particular commercial software
package. The boundary conditions can be added into the general equations as a source or sink as
shown in the following equation.

(

)

where

(

)

(4-2)

in equation (4-2) in addition to regular source term in the scalar equation,

.

Effects of UR-UVGI lamps are added as a sink term in equation (4-2). To increase the
stability of simulations, this study utilizes a linearized sink term. Depending on the UV irradiance
field simplifications, the strength of sink term varies in different volumes. Consequently, it is
straightforward to include effects of UR-UVGI lamps in the microorganism concentration
equation.

4.1.3 Single Phase Assumption in the Eulerian Method
Section 3.2 explored that a particle behavior depends on the flow pattern, particle sizes as
well as the size-related forces (Hinds 1999). For the presented study, particles with 2.5μm mean
diameters, there is no need to assume the multiphase flow. Thus, single-phase flow simulations
are sufficient for this research study (Zhang and Chen 2007; Noakes et al 2004).
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Single-phase particle simulations with the Eulerain method can be used in the situations
when there is a relative motion between the particle phase and fluid phase. When there is a
relative motion between the particle phase and fluid phase, single-phase assumption in the
Eulerian method is still valid. However, an additional term, “drift flux” term, should be added
into equation (4-2). The single-phase simplification in the Eulerian method is popular for particle
simulations, and it has been used extensively to study indoor particle dispersion processes
(Murakami et al. 1992; Holmberg and Chen 2003; Zhao et al. 2004). In the present study, there is
no need to assume a source term due to existence of drift flux in the general equation for
microorganism concentration. Furthermore, when the volume fraction of particles is low, a oneway assumption can be used. This one-way simulation approach assumes that the particles do not
have an effect on the flow field pattern, especially the turbulent flow. Therefore, a one-way
assumption can eliminate redundant computational efforts.
Overall, the present research study uses the one-way assumption and single-phase flow
assumption for modeling microorganism concentration. Furthermore, effects of UR-UVGI lamps
have been coupled with the concentration of microorganisms in the commercial CFD software
package. This coupling method simplifies application of various UV irradiance fields in CFD
simulations. Also, this kind of modeling reduces additional efforts in the post-processing stage.

4.2 Effects of Buoyancy Force on UR-UVGI Performance
The UR-UVGI performance can be assessed with two global parameters that include the
fraction of remaining microorganisms

and UR-UVGI effectiveness . This section conducts

the sensitivity analysis on the global parameter by changing the mean room air temperature. Most
of previous CFD studies usually assumed isothermal conditions in indoor environments
(Memarzadeh et al. 2004; Noakes et al. 2004; Sung et al. 2008 and 2009; Sung and Kato 2010).

47
Similar to Noakes et al. (2004), the present study assumes non-isothermal boundary conditions.
Based on the present research study, CFD simulations for UR-UVGI lamps should use nonisothermal boundary conditions.
The present research study compares results for the configuration where a single URUVGI lamp is installed on the long wall, Figure 3-8 configuration, and the configuration where
two UR-UVGI lamps are installed on the short wall, Figure 3-7 configuration. Among these two
configurations, only Figure 3-8 configuration has existing experimental results to validate the
simulations (First et al. 2007; Rudnick and First 2007). The comparison between the CFD results
and the experimental data shows that the fraction of remaining microorganisms depends on the
buoyancy force inside of indoor environments. To demonstrate effects of the buoyancy force on
the performance of UR-UVGI lamps, figure 4-1 presents the fraction of remaining
microorganisms and UR-UVGI effectiveness for different Archimedes numbers. Appendix C
explains importance of Archimedes number in non-isothermal simulations. In this research study,
the main variable in the Archimedes number is the mean air temperature. Thus, various
combinations of the Archimedes number show various assumptions of the temperature
distribution inside of the indoor environment.
Results in figure 4-1 confirm that the buoyancy force directly affects the fraction of
remaining microorganisms at the exhaust. However, it is not possible to derive a simple
relationship between the Archimedes number and fraction of remaining microorganisms at the
exhaust. Although there is not a simple relationship between the Archimedes number and the
global parameters in UR-UVGI lamp studies, global parameters such as the fraction of remaining
microorganisms are consistent with the experimental data. However, due to simplifications and
CFD modeling methods of boundary conditions and the sink term, still there are differences
between the experimental data and CFD simulations. Experimental data predicted %54 fraction of
remaining microorganisms while the predicted CFD simulations have around %10 relative errors
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in global parameters. For example, figure 4-1 shows that in experimental studies Archimedes
number is around 25. Hence, Archimedes number inside of the environmental chamber is close to
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Figure 4-1. Experimental and numerical results for the fraction of remaining microorganism and
UR-UVGI effectiveness depending on the Archimedes number (Air change rate: ACH=6)
The main variable in the Archimedes number is the temperature difference inside of the
indoor environment. The Archimedes number in this research study originates from wall heat
fluxes due to exposure of environmental chamber to outside environment, air supply temperature,
light fixtures, and microorganism source temperatures. Therefore, various values of the
Archimedes number come from these variable thermal boundary conditions. Therefore, it is
important to implement correct wall heat fluxes and temperatures in boundary conditions.
However, some of these boundary conditions do not exist in the experimental research study
reports. For example, in the existing experiments, some of parameters such as outdoor weather
data and final temperature of microorganisms after culturing are not reported. To obtain these and
other parameters, the present research study approximates values of heat fluxes and temperatures.
For instance, even though the environmental chamber is highly insulated, the heat fluxes have to
be calculated based on the chamber’s geographical location to represent the thermal influence of
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the outdoor environment. Furthermore, the culturing process of microorganisms has been
designed and reported in details (Hinds 1999; First et al. 2007). However, in the experiments the
final temperature of microorganisms dispersed from their source were not measured. These two
parameters, wall heat fluxes and final microorganism temperature, directly affect the Archimedes
number in indoor environment. Hence, to show the simulation result sensitivity to these
assumptions CFD results are compared to the experimental data (Table 4-1).

Table 4-1. Summary of microorganisms remaing at the exhasut
Room Average UV

Microorganisms

Supply

Fraction of

Irradiance field

Temperature

Temperature

Remaining

ACH

Dimensions

Hour -1

J.m-2

°C

°C

%

Case 1

2

0.016

36.8

13

26%

Case 2

2

0.016

25

13

33%

Case 3

6

0.016

36.8

13

61%

Case 4

6

0.016

25

13

69%

The comparison between the CFD results in table 4-1 shows that the final fraction of
remaining microorganisms is depended on the final temperature of microorganisms. In this
research study, two microorganisms source temperature have been assumed, and the supply
temperature has been assumed 13°C. Due to the high temperature of microorganism source and
due to buoyancy force in the indoor environment, a larger number of microorganisms have been
entrained in the upper zone, so additional microorganisms have been inactivated. In the
experiment study, the fraction of remaining microorganism results for the 2ACH is around 18%,
and for 6ACH is around 54%. The difference between the fraction of remaining in the
experimental and CFD results shows the importance of microorganisms’ source temperature.
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Based on the assumption, microorganisms follow the airflow pattern. Therefore, a
distribution of microorganism concentration will depend on the microorganism source
temperatures. Figure 4-2 shows distribution of microorganism concentration for two different
microorganism source temperatures when the UR-UVGI lamp is “off”. The results show that the
distributions of microorganism concentration for these two temperatures are similar. However,
there are slight differences between these two distributions that create differences in the final
global results such as microorganism concentrations, especially when the UR-UVGI lamp is
“on”.

(a)

(b)

Figure 4-2. Simulated distributions of microorganism concentration for two microorganism
source temperatures (a) T=15∘C, (b) T=25∘C
Similarly to figure 4-1, it is possible to study sensitivity of simulation results by varying
the Archimedes number for the UR-UVGI lamps configuration shown in figure 3-7. Figure 4-3
shows the fraction of remaining microorganisms and UR-UVGI lamp effectiveness for this URUVGI lamps configuration. However, for this configuration no experimental results are available
to compare simulation results with experimental data. Similarly as in figure 4-1, the global
parameters depend on the Archimedes number, yet there are no simple relationships between the
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Archimedes number and fraction of remaining microorganisms as well as UR-UVGI
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Figure 4-3. The simulated fraction of remaining microorganisms and UR-UVGI effectiveness for
two UR-UVGI lamps configuration presented in Figure 3-7

4.3 Effects of 𝛆 on the Global Parameter frm and 𝛈UR-UVGI
This section applies contaminant removal effectiveness introduced in section 3.5, to
generalize study results. Usage of contaminant removal effectiveness and UR-UVGI
effectiveness helps to use predetermine HVAC system performance coefficients in the literature
to establish a parametric relationship between variables in UR-UVGI studies. For example, in
experimental studies and in CFD studies, global results, such as fraction of remaining
microorganism, are reported. Therefore, in equation (3-4), when approximate values for
〈 〉

exists in the literature,

approximate values for

and 〈 〉

and

is the only unknown. Fortunately, in the literature
exist. Then, in the future studies, depending on the

ventilation system and microorganism source,

or

can be used interchangeably.

For example, figure 4-4 shows four examples for determination of contaminant removal
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effectiveness in a room (Mundit et al.). Similar to these four configurations, estimated values for
different ventilations systems are available in the literature. Hence, this parameter can be used in
the future experimental and CFD studies to generalize the applicability of results.

(a)

(b)

(c)

(d)

Figure 4-4. Four configurations for determining the contaminant removal effectiveness (a)
contaminant source close to exhaust, (b) Contaminant source in a stagnant zone, (c) contaminant
source close to exhaust, and (d) contaminant source in a stagnant zone
The contaminant removal effectiveness has been applied in the presented research study
to obtain a relationship between the contaminant removal effectiveness and fraction of remaining
microorganism. Figure 4-5 shows the fraction of remaining microorganism and the UR-UVGI
effectiveness versus the contaminant removal effectiveness. Contaminant removal effectiveness
depends on the ventilation system, and it does not depend on the UR-UVGI lamp configuration.
In other words, this parameter shows effects of airflow on the inactivation process of
microorganisms. Throughout the literature the value of

is available, and in some cases it is

possible to compute the average value of concentration 〈 〉
can be

theoretically. The only unknown

that is a function of the UR-UVGI lamp configuration. Therefore, a combination of
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the fraction of remaining microorganism, contaminant removal effectiveness, and

can be

helpful to compare the results in this and other studies concerned with the UVGI disinfection in
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Figure 4-5. The simulated fraction of remaining microorganisms and UR-UVGI effectiveness vs.
the contaminant removal effectiveness (ACH=6)

Instead of comparing global parameters such as

or

, it is better to compare

the local variables such as concentration of microorganisms or velocity profiles. However, at this
moment the experimental profiles are not available. Therefore, the present research study can
only compare the global parameters. A comparison of the CFD results from this research study
with the experimental data from the literature shows that the CFD results are consistent with the
experimental data, yet there are discrepancies. These discrepancies in contaminant removal
effectiveness can originate from the CFD modeling methods and simplifications in boundary
conditions and numerical simulation parameters, such as position of microorganism source(s).
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4.4 UV Irradiance Field Implementation Methods
This section discusses the application of UV irradiance simplifications discussed in
section 3.3. The goal is to compare simulation results obtained with various UV irradiance
simplifications in the Eulerian method. First, a single uniform UV irradiance simplification is
applied to the patient room simulation. Then, several configurations of the multi-average values
of UV irradiance are implemented to determine result sensitivity to these simplifications. The
present research study uses the single and multi-average UV irradiance field, but it could not
implement local UV irradiance values of section 3.3.3 into CFD nodes in the Eulerian method.
Overall, this section explores sensitivity of the fraction of remaining microorganisms in the
exhaust based on the single and multi-average UV irradiance simplifications. In addition to the
fraction of remaining microorganism comparisons, this research study compares local results for
two configurations of UR-UVGI lamps to demonstrate importance of local concentration results.
The single average method is a simple method to implement the UV irradiance field into
CFD simulations. Furthermore, this method is computationally easier than the two other UV
irradiance field simplifications. When data on local UV irradiance fields are available, selection
of an average depends on the height of UV averaging volume. The present study uses Figure 4-6
configuration. Figure 4-6(a) shows a representation of the general patient room, and Figure 4-6(b)
depicts local UV irradiance field at 2.4m elevation from the floor. However, this UV irradiance
field is derived based on experimental data approximation. Then, the UV irradiance filed have
been averaged based on different elevations to obtain a single value for the UV irradiance field in
the upper-zone area.
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Figure 4-6. (a) A configuration representing patient room with UR-UVGI lamp, and (b) measured
local UV irradiance field used in CFD simulations
The mean UV irradiance field for the upper-zone area can be used to conduct a sensitivity
study. Figure 4-7 shows CFD results for the microorganism distribution when UR-UVGI lamp is
turned “off,” and when it is turned “on.” This figure presents microorganism concentrations in a
horizontal plane at the UR-UVGI lamp elevation. The results for this elevation show the
significance of UR-UVGI lamp in patient rooms. Not only that the UR-UVGI lamp significantly
affects the distribution of local microorganism concentration, but also this lamp affects the global
parameters, such as the fraction of remaining microorganism at the exhaust. To assess the URUVGI disinfection effectiveness, the fraction of remaining microorganism at the room air exhaust
is usually measured. Therefore, in this study, the fraction of CFD calculated remaining
microorganism at the exhaust has been compared with the experimental results. According to the
simulations, 60% of the microorganisms survived with UR-UVGI lamps turned “on,” while the
experiments showed a 54% survival rate.
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(b)

(a)

Figure 4-7. Simulated concentration (CFU/m3) contours in a horizontal plane at the middle of
UVGI lamp elevation: (a) when UVGI lamp is “off,” and (b) when UVGI lamp is “on” in the
Eulerian method

This research also study utilizes several multi-average configurations in a patient room.
Several configurations have been investigated in this study, and Figure 4-8 shows the selected
three configurations of multi-average UV irradiance field. These three different configurations
consider three, four, and five UV irradiance averaging volumes. Furthermore, average UV
irradiance values of these volumes have been added as sink into these volumes to simulate
distribution of microorganism concentration in a patient room.

(a)

(b)

(c)

Figure 4-8. Various configuration of multi-averaging UV irradiance field method in upper space
(a) three, (b) four, and (c) five UV irradiance averaging volumes
To understand sensitivity of global variables to number of averaging volumes, Figure
4-10 presents the fraction of remaining microorganisms and the UR-UVGI effectiveness for
single average and multi averaging methods. The results vary with the number of UV irradiance
averaging volumes. With increasing the number of UV volumes, the results should have an
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asymptotic trend. However, the results do not show an asymptotic trend, so this research study
does not include the results for six, seven, eight, and nine averaged volumes.
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Figure 4-9. Simulated fraction of remaining and UR-UVGI effectiveness vs. number of UV
irradiance averaging volumes (ACH=2)
This arbitrary pattern in the relationship between number of UV averaging volumes and
the fraction of remaining microorganism can be explained by (i) multi average UV irradiance
field method and (ii) distribution of microorganism concentration in different regions in indoor
environment. In other words, for this configuration of UR-UVGI lamp, in addition to UV
averaging method, microorganism concentrations in the lamp effective elevation are important.
Figure 4-10 presents the concentration of microorganisms for three different elevations in front of
the lamp. This figure shows that the concentration of microorganisms is skewed to the right
corner of the room when the UR-UVGI lamp is “off”. Thus, the amount of UV intensity is
important. By increasing the amount of UV intensities in this region increases, the effectiveness
of disinfection process increases significantly. However, the overall value of a uniform UV
irradiance is constant in the upper-zone. Consequently, by increasing number of uniform UV
irradiance volumes in the multi average UV values method, the average value of UV irradiance in
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the regions with large distance from the UR-UVI lamp decrease. Because of constant amount of
UV intensity in the upper space, when the amount of UV irradiance field decreases in one
position, the amount of UV irradiance field increases in the other positions. Therefore, the
average values of UV irradiance filed near the UR-UVGI lamp increase. Then, by using small
uniform UV irradiance volumes, the disinfection process near the UR-UVGI lamp increases
greatly. Hence, the overall values of the fraction of remaining microorganism at the exhaust for
various configuration of UV irradiance field remains at the same range.

(a)

(b)

(c)

Figure 4-10. Simulated concentrations of microorganism at three different elevations when the
lamp is “off” (ACH=2) (a) at the bottom of UR-UVGI lamp, (b) in middle of UR-UVGI lamp, (c)
at the top of UR-UVGI lamp
This section examined consequences of two UV irradiance field simplifications including
single average volume and multi-averaging volumes in CFD studies with the Eulerian method.
Then, the result sensitivity has been studied based on comparison with experimental study. The
results show that global parameters, such as the fraction of remaining microorganism at the
exhaust and UR-UVGI effectiveness, are less sensitive to these UV irradiance modeling methods.
Using the single- and multi-averaging method is important because UV implementation methods
and post processing are intense. Furthermore, it is important to compare local concentrations of
microorganisms instead of a global average value of microorganism concentration. However, at
this moment, there are no published local concentrations in experimental or CFD studies.
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Therefore, this study only compared global parameters obtained by CFD simulations and
experimental studies.

4.5 Configurations of UR-UVGI lamps
To compare effectiveness of different UR-UVGI lamp configurations in patient rooms,
microorganism concentrations are compared for two configurations presented in Figure 4-6 and
Figure 4-11. Even though the indoor environment and airflow rates for both configurations are
similar, the fraction of remaining microorganisms and a local distribution of microorganism are
different. Configurations presented in Figure 4-6 and Figure 4-11 have a different position and
number of lamps. Except these two changes, the lamp type and UV irradiance from both lamps
are the same.
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Figure 4-11. Two walls configurations for UR-UVGI lamps: (a) indoor environment layout, and
(b) UV irradiance distribution at 2.4m elevation from the floor
To show differences in local concentrations of microorganism, this research study
compares distribution of microorganism concentrations for the two studied UR-UVGI lamps
configurations. Figure 4-12 shows a distribution of microorganism concentrations at the exhaust
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plane for these two configurations when the lamps are “on”. Even though the room and indoor
airflow are the same, the lamp positions and number of lamps are different. Positions of URUVGI lamps only affect microorganism concentration distributions. Near the source of the UV
irradiance in the upper room space, distributions of microorganism concentration are similar.
However, distributions of microorganism concentrations in the lower space are different. Similar
to Memarzadeh et al. (2004a) and Noakes et al. (2004; 2006) experimental and CFD studies, the
position of UR-lamps in patient rooms is vital for designer-UVGI effectiveness (Memarzadeh et
al. 2004a; Noakes et al. 2004 and 2006). Therefore, it is important to select (i) effective positions
and (ii) an effective number of lamps. These two parameters should not only focus on
microorganisms, but they should also consider risks of human over-exposure to UR-UVGI lamps
and energy consumption.

(a)

(b)

Figure 4-12. Simulated distribution of microorganism concentrations for two UR-UVGI lamps
configuration: (a) one UR-UVGI lamp installed on the long wall, and (b) two UR-UVGI lamps
installed on the short walls

This chapter reviewed details of using the Eulerian method to study performance of URUVGI lamps in patient rooms. Various simplifications and modeling methods, introduced in
previous chapter 3, have been applied in this chapter to assess the result sensitivity to these
simplifications. For instance, section 4.2 demonstrated effects of buoyancy force on UR-UVGI
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effectiveness. Then, section 4.3 used the contaminant removal effectiveness definition to consider
four different ventilation systems and their influence on the microorganism inactivation process.
Furthermore, it was possible to implement effects of UR-UVGI lamps as discrete average values
based on various multi-average volumes. Results of the presented research study showed that
there are slightly differences between the fractions of remaining microorganisms for different UV
irradiance multi-average configurations, but they were sufficiently small so that the single
average UV irradiance field can be used. It was possible to compare sensitivity of global
parameters, yet it was not possible to do a sensitivity analysis for local parameters due to the lack
of experimental data.

Chapter 5

CFD Simulations of UR-UVGI Lamps with the Lagrangian Method
This chapter explores the Lagrangian method, the second CFD approach, in modeling
microorganism inactivation rates to assess effectiveness of UR- UVGI lamps. Similarly, to the
Eulerian method chapter, this chapter applies the CFD modeling methods and simplifications,
described in chapter 3, to perform sensitivity analyses of simulation results. Furthermore,
Lagrangian simulation results are used to interpret simulation results of the Eulerian method. This
interpretation explains microorganism dispersion behavior inside of patient rooms with installed
UR-UVGI lamps on walls.
This chapter starts with detailed descriptions of the Lagrangian method, and it continues
by introducing additional CFD modeling methods and simplifications applicable exclusively to
the Lagrangian method. Then, section 5.2 explains details of possible trajectory termination
process in the Lagrangian method. Afterwards, section 5.3 reviews importance of the number of
particles in simulations. After introducing assumptions in sections 5.1, 5.2, and 5.3, these
assumptions are then used to model performance of UR-UVGI lamps in patient rooms as
described in sections 5.4 and 5.5. For instance, section 5.4 presents results of the Lagrangian
method with applied CFD modeling methods and simplifications proposed in chapter 3. Finally,
section 5.5 reviews effects of various UV irradiance implementation methods in the Lagrangian
method to understand effectiveness of UR-UVG lamps in patient rooms.
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5.1 The Lagrangian Method
CFD modeling with the Lagrangian method is different from the CFD modeling with the
Eulerian method. In the Lagrangian method, instead of coupling inactivation process with
concentration of microorganism, the inactivation process can be implemented in the result postprocessing stage. In this method, based on position of a particle at each time instance and the
amount UV irradiance field, it is possible to determine effects of UR-UVGI lamps. This
simulation method is actually an Eulerian-Lagrangian method. In other words, this method solves
the flow field similar to the Eulerian method and separately solves the discrete phase by applying
the equation of motion on each particle. In the Lagrangian method, individual particle trajectories
are calculated based on the balance of forces on the particles and pre-calculated velocity field as
following:

⃗

(⃗

⃗ )

(

)

(5-1)

where the parameters with “p” subscript represents particle parameter. ⃗ ,

, ,

are the

velocity vector, the inverse of relaxation time, the gravity acceleration, and the air density
respectively. In addition, the left-hand side of equation (5-1) represents the inertial force per unit
mass (m s-2). On the right hand side of equation (5-1), the first term is the drag force term, the
second term is the gravity and buoyancy term, and

is a term for the other important forces that

may be taken into account. In this research study, the drag force is usually the most significant
force inside of the CFD domain, and its form follows the Stokes drag law:

(⃗

⃗ )

(⃗

⃗ )

(5-2)
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where

is the air viscosity,

is the particle diameter, and

is the Cunnigham

correction factor as following:

(

Where

(

)

(5-3)

is the molecular mean free path.

The present work uses equation of motion equation with the proposed variables to
simulate performance of UR-UVGI lamps in patient rooms. Then, this method seeds statistically
significant and sufficient number of particles to eliminate uncertainties in simulation results
(Zhang and Chen 2006). In addition to seeding sufficient numbers of particles in this method,
effects of UR-UVGI lamps should be implemented in the post-processing stage. Then, in the
post-processing phase, UV irradiance field should be superimposed along each individual particle
trajectory. The amount of dose is calculated by multiplying residence time and local fluence rate
along each trajectory (CRC 2005). In this way, a number of surviving microorganisms can be
calculated for all different fluence rates. This approach is intense in terms of post-processing and
numerical computations, but it is more accurate than the Eulerian approach because the numerical
diffusion for concentration field calculations is eliminated.
The most probable trajectory of microorganisms can be accurately calculated based on
the results of Lagangian simulations. For this research study, microorganisms follow airflow
pattern. Similar to the Eulerian method, this CFD modeling method originates from particle
diameter sizes. Modeling this type of microorganisms is important. Throughout literature, there
are two main aerosols including (1) coarse aerosols and (2) fine aerosol. (Mui et al. 2009). The
coarse aerosols do not exactly follow the airflow pattern, and they mostly settle down onto the
floor after dispersion. Therefore, these aerosols cannot be considered airborne aerosols. However,
the fine aerosols are airborne aerosols, and they remain suspended in the air for a long time after
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the initial even of dispersion. Moreover, due to low settling velocity, they are potentially
infectious than the heavier aerosols. Therefore, inert particles assumptions have been applied in
the simulations in this research study to derive trajectories of particles.
Similarly, to the Eulerian method, in the Lagrangian method when there is a difference
between the discrete phase velocities and the fluid phase velocities, the drift flux can be used to
combine the two phases as a single phase. Then, particle path trajectories are different from the
fluid streamlines (Kleinstreur 2003). However, in the present research study, because of the
particle sizes used in the experimental study, there is no need to use the drift flux method
(Holmberg and Chen 2003; Zhao et al. 2004).
Subsequent section 5.1 explains additional details of the Lagrangian method. For
instance, section 5.1.1 explains effects of other forces in the equation of motion for particles,
equation (5-1). Then, section 5.1.2 reviews influence of flow field turbulence on the particles by
using a stochastic model called the discrete random walk method. Finally, section 5.1.3 explores
effects of particle deposition in CFD simulations.

5.1.1 Other Forces (Fa)
In equation (5-1), the last term in the right hand side accounts for effects of other forces
except the buoyancy and the drag forces. This section explains significance of other forces (Fa) in
equation (5-1). Effects of these forces on particles depend on airflow pattern.

can be the

virtual mass force, the force in rotating reference frame, the thermophetric forces, or the
Brownian force. These forces can be important in special circumstances, but for this study,
because of indoor airflow field and particle diameters, the effects of these forces are negligible.

66
When density of fluid is bigger than the density of particles (

), the airflow around

particles needs the virtual mass force to accelerate the fluid phase. In this research study, this term
vanishes from the force balance equation. In addition, an extra term can originate from the
rotation of the reference frame. In this study, there is no rotation of the reference frame, so there
is no need to consider this extra force either. Moreover, for sub-micron particles besides the
Brownian force, an additional force, the Saffman’s lift force due to shear, should be considered.
This term is only recommended for sub-micron particles, and this term is zero in equation (5-1).
In addition, if the suspended particles in the gas experience a temperature gradient, the
thermophoretic force in the opposite direction of temperature gradient will appear. Table 5-1
shows values of all forces acting on particles, in the right hand side of equation (5-1).

Table 5-1. Summary of forces acting on particles in equation (5-1)
Forces
Drag force
Gravity

Values in equation (5-1)
Equation (5-2)
(

)

Virtual mass force

0

Forces on particles due to the rotation of reference frame

0

Thermophoretic

0

Brownian force

0

Saffman’s lift force

0
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5.1.2 Discrete Random Walk
Besides particle size, size-related forces acting on particles, and flow pattern of fluid
phase, the dispersion of particles is affected by turbulence in the fluid phase. To implement this
turbulence effect on particles in Fluent 12 (Fluent 12 2010), two methods are available. These
two methods are: (1) the particle cloud tracking model and (2) the stochastic tracking model. In
the literature, the stochastic tracking model called the discrete random walk model, has been used
(Zhang and Chen 2006; Fluent 12 2010). This model relates instantaneous turbulent velocity
fluctuations to trajectory of particles. When a sufficient number of particles are used in
simulations, the random effects of turbulence on the dispersed particles are included. The
following equation shows this relationship:
√

where

(5-4)

is a normally distributed random number and k is the turbulent kinetic energy.

5.1.3 Deposition
Particle deposition is an important physical process in simulations. A deposition velocity
is an effective parameter to show a migration velocity of particles to a surface. The particle
deposition velocity can be defined as (Hinds 1999; Zhang and Chen 2009):

(5-5)

where J is the deposition flux onto a surface, defined as a number of particles deposited
per unit time and unit area of the surface ( ), and

is the mean airborne particle
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concentration. For a diameter particle of 2.5um, particle deposition can be neglected, so the whole
trajectory of particles can be terminated either by ventilation system or by the inactivation
process. To show this negligible effect of deposition, we need to compare particle loss coefficient
for deposition ( ) with the air exchange rate.
room wall area, and

is defined as

, where

is deposition velocity,

is volume of room. Further discussion about deposition can be found in

the literature (Lai and Nazaroff 2000 and 2005, Zhang and Chen 2009).

Figure 5-1. Particle deposition velocity onto smooth vertical surfaces vs. particle diameter (Lai
and Nazaroff 2005)
For this range of particles, deposition velocity is on the order of 10 -6-10-5 m/s. Hence,
based on the room dimensions, the loss coefficient for deposition ( ) is on the order of 10-2-10-1
which is at least two orders of magnitude lower than air exchange rate per hour. Therefore, effects
of this term are neglected in this research study.

5.1.4 Particle Relaxation
As it mentioned before, particle dispersion depends on the bulk air movement and the
physical properties of the particles. Once the particles are dispersed, due to the much lower
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surrounding airflow speed they encountered, the particles start to decelerate to attain the same
velocity as the surrounding air, and then thereafter considered to be airborne. Particle relaxation is
used to characterize the time required for the particle to “relax” to become airborne: Equation
(5-6) shows particle relaxation form. For this research study, this parameter is in the range of
and

s. With these negligible relaxation times, the particles decelerate almost

instantaneously, so the particles follow closely to airflow.

(5-6)

Other main important parameter in the particle modeling is determination of the
velocity of an aerosol particle undergoing gravitational settling in still air. When a particle
released in air, it quickly reaches to its terminal velocity. Terminal velocity is a velocity when the
absolute value of drag force of the air on the particles is equal to gravitational force. Terminal
velocity depends on the gravitation acceleration, the density of particle, squarely to diameter of
particle, and inversely proportional to viscosity. The particles adjust to their terminal velocity
instantly. Equation (5-7) shows terminal velocity relationships when the particle diameter,
larger than one and the Reynolds number of particles,

, is

, is smaller than one.

(5-7)

Furthermore, it is possible to add effects of other forces due to existence of other forces
such as the centrifugal forces. Then, the adjusted terminal velocity should be calculated. For the
presented research study, there is no need to add effects of other forces and equation (5-8) shows
corrected version of terminal velocity when diameter of particles,

, is larger than one and
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Reynolds number of particles,

, are smaller than one. When there is a motion of gas around

the particles a slip factor correlation, Cunnigham correction factor, should be used.

(5-8)

5.2 Different Scenarios for Termination of Trajectories in the Lagrangian Method
In regular indoor environments when the particle deposition rate is negligible, particles
are removed only by the ventilation system (Lai and Cheng 2007). In this research study, due to
negligible effects of deposition in this thesis, trajectory of particles only terminates either by
ventilation system or by inactivation process. Figure 5-2 shows different scenarios for termination
of trajectories. Microorganisms need to receive sufficient dose, which is a function of
microorganism type (susceptibility of microorganisms), UV irradiance, and time of exposure to
be inactivated. Thus, an integration of UV irradiance multiplied by time of exposure should apply
to each microorganism to find the amount of dose during dispersion period. If microorganisms
receive inactivation dose, even though the microorganisms are still inside of the indoor
environment, DNA of these microorganisms is not harmful for occupants’ health.
In the one possible scenario, microorganisms do not even enter the inactivation zone to
receive the inactivation dose. In other words, microorganisms in this scenario follow the flow
pattern, and the flow pattern does not lead the microorganisms to the inactivation zone (Figure
5-2-a). In CFD, the trajectory of these microorganisms is terminated at the exhaust. In the second
possible scenario, microorganisms enter and exit the inactivation zone several times, yet they do
not receive the inactivation dose in each passage (Figure 5-2-b). Hence, the trajectory of these
microorganisms again is terminated at the exhaust. In the third possible scenarios,
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microorganisms receive the inactivation dose at the first pass through inactivation zone (Figure
5-2-c). Therefore, the trajectory of these microorganisms is terminated at this point. In the other
possible trajectory termination scenarios, microorganisms pass through the inactivation zone
several times, but in the end, they receive a sufficient amount of dose to be inactivated (Figure
5-2-d). Hence, the trajectory for these kinds of microorganisms will be inactivated at this point.

Trajectory
Terminated

Terminated

Trajectory

(

(

a)

b)

Terminated

Terminated

Trajectory

Trajectory

(
c)

(
d)

Figure 5-2. Different termination scenarios for trajectory of microorganism in the Lagrangian
Method
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5.3 Number of Particles and Superimposition of Sources
In the Lagrangian method, selection of number of particles is important. This number of
particles stabilizes the particle-tracking results. To reach reasonable and stable results sufficient
and numerous numbers of particles should be used. However, on one hand depending upon
numbers of particles from microorganism source(s) into CFD domain, computational time can
highly change. On the other hand, stability and accuracy of results for CFD simulations is related
to number of particles. Therefore, superimposition method can be used to reduce computational
time and uncertainty of results. The statistical difference between the 10,000 and 90,000
injections is negligible (Lai and Cheng 2007). Therefore, the order of particles for this research
study is in the range of 10,000 to 50,000.
For example, for one microorganism source at the center of the room, at different times,
sufficient numbers of particles will be used in CFD software. By superimposing the inactivation
process for each configuration of source(s) and number of particles in simulation, total desired
inactivation effectiveness will be precisely calculated. This method can be more powerful when
instead of one source different sources are available in indoor environment. In most of the
experimental studies for UR-UVGI lamps, just a source is available in indoor environment.
Consequently, this study will use the superimposition rule for one source. However, in large real
patient rooms, with more than one microorganism source or in patient waiting rooms usually
more than one microorganism source is available. Thus, this superimposition method can be used
in these locations with more than one microorganism sources.
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5.4 The Lagrangian Method Results
This section explores the Lagrangian method results with applying proposed
simplifications in chapter 3. Various combinations of particle trajectories and inactivation process
in the UR-UVGI CFD studies in the Lagrangian method are reviewed in this section. Almost
10,000 particles are tracked in the CFD simulations. Then, supplementary computer programs are
developed to (1) draw trajectory of particles, (2) implement derived UV irradiance modeling
methods, and (3) couple the particle trajectories to UV irradiance modeling methods. Appendix B
reviews these developed programs briefly. Then, based on the residence time and UV irradiance
exposure, amount of doses are calculated for all microorganisms. Similar to section 5.2, it is
possible to draw actual trajectory of microorganisms. Figure 5-3 shows two actual scenarios for
microorganisms’ dispersion inside of indoor environments with installed UR-UVGI lamps on the
long wall from CFD simulations. In one hand, Figure 5-3-a shows a sample microorganism that
did not have a chance to reach to upper room space. Consequently, for this microorganism, there
is no need to implement UV irradiance field in the upper room space. On the other hand, Figure
5-3-b shows another microorganism dispersed from microorganism source. This microorganism
reached to the upper space and based on the amount of UV irradiance field and residence time, it
received sufficient amount of dose to be inactivated. For this sample microorganism, the amount
of dose is 197.12

. Termination of microorganisms based on the amount of dose is one of

main advantages of the Lagrangian method over the Eulerian method.
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(a)

(b)
Figure 5-3. Trajectory of particles for two different scenarios with single average UV irradiation
simplification (ACH=6)

In this method, it is possible to define easily threshold value for inactivation process. As
an example, the exposure time required to kill 90% (10% survival) is often cited as a single value.
To show importance of this value in simulation, Figure 5-4 depicts threshold values for
inactivation process versus number of inactivated microorganisms. For example, when the
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determined threshold value is 95 percent, around 4801 microorganisms had received sufficient
amount of dose to be inactivated. Likewise, it is possible to measure survival and inactivated
microorganisms for various threshold values. It is important to note that this single threshold
value is not a fixed number, and it is possible to confirm with statistical certainty that very low
doses have no lethal effect (First et al. 1999a). Therefore, one of the reasons for differences
between experimental and CFD results originate from the amount of threshold value for

Threshold value for inactivation (%)

inactivation.
100
80
60
40
20
0
0

2000

4000

6000

8000

10000

Number of inactivated microorganisms

Figure 5-4. Number of inactivated microorganisms for five different threshold values (ACH=6)

The Lagrangian method is intense in both (1) simulations and (2) post-processing stages.
However, when supplementary computer programs are developed, it is easier to use the
Lagrangian method instead of the Eulerian method. Comparison between the Eulerian method
results and the Lagrangian method results show that only one fraction of remaining
microorganism are available in the Eulerian method. UR-UVGI effectiveness for this indoor
environment configuration is 0.42 that shows 4160 number of inactivated microorganisms. In
contrast, the Lagrangian method determines a threshold value for inactivation of microorganisms,
and based on this value, microorganism are inactivated. In other words, in this method,
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implementation of various simplifications and modeling method can be happened in the postprocessing stage. Therefore, when the flow field and discrete phase results are available, in the
post-processing stage, several complementary programs implement these simplifications and
modeling methods.

5.5 Implementation of UV Irradiance Field Results
Similar to the Eulerian method, this section applies UV irradiance field simplifications in
section 3.3 into CFD simulations. The main difference between implementation of UV irradiance
filed in the Eulerian and the Lagrangian method originates from the way of UV implementation.
In one hand, in the Eulerian method, the UV irradiance field has been applied based on two
proposed UV simplifications including the single average value and multi average UV value
methods in section 3.3. On the other hand, this section applies three UV irradiance intensity
simplification methods including the average UV intensity value, multi average UV intensity
values, and local UV intensity field. Furthermore, in the Eulerian method, the UV irradiance field
directly applies into the CFD commercial software package, but in the Lagrangian method, the
amount of UV irradiance field superimposed into the regular results during the post-processing
stage. Therefore, there is no need to simulate a patient room twice. However, successive
programs should run during post-processing stage to determine inactivation of a specific
microorganism. These programs can be run successively, and there is no need to run them
simultaneously. In addition, some of the programs can be run in advanced. Hence, computational
time and effort reduced dramatically.
First, single average UV intensity value is applied in this research study. Then, in the
second stage, multi average UV intensity values are used. In the third step, this research study
uses local UV intensity irradiance values to obtain fraction of remaining microorganism at the
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exhaust. In the Lagrangian method, in the supplementary computer program in the postprocessing stage, depending on position of particles, it is possible to add effects of UV intensity
field. For the single average UV intensity value method, it is easy to relate a single value for all
positions in the upper room space. For the multi average UV intensity values, it is easier than the
local UV intensity values. In this method, depending on number of volumes, several UV values
are implemented into particle positions. However, for the local UV intensity method, it is more
difficult than the two other methods. In this method, particles positions and UV irradiance field
are available in discrete points. These points can be different from each other, so a clearance
distance is defined to relate particles positions and UV intensity values. In other words, when
differences between particle positions and UV irradiance points are less than a specific tolerance,
pre-interpolated value of UV intensities are applied into microorganism.
Figures 5-5 and 5-6 show two microorganism trajectories in an environmental chamber.
Both of these microorganisms reached to the upper room space and became inactivated. For these
two microorganisms, the trajectories terminated when they received enough amount of dose. In
one hand, Figure 5-5 shows a microorganism that moved back and forth between lower room
space and upper room space. Finally, this microorganism receive sufficient amount of dose to be
inactivated. One the other hand, Figure 5-6 shows another inactivated microorganism in upper
space. For these two sample microorganisms, the single average UV intensity value is applied.
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Figure 5-5. Trajectory of a particle with single average UV intensity value simplification
(ACH=6)

Figure 5-6. Trajectory of a particle with single average UV intensity value simplification
(ACH=6)

Besides the two sample microorganisms explained in this section, Table 5-2 shows
results of inactivation process for all dispersed microorganisms inside of indoor environment
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when single average UV intensity simplifications applies for all microorganisms. Based on
number of inactivated microorganisms, %51 of microorganisms are viable inside of indoor
environment after inactivation process, while the experimental data measured %54 fraction of
remaining microorganism. In this UV irradiance simplification, for all microorganisms that reach
into elevation 2.2m, a single value for UV intensities applies into all microorganisms. Therefore,
it is easier than the two other UV irradiance simplification methods including the multi-average
and local UV irradiance UV modeling methods.

Table 5-2. Fraction of remaining for single-average UV intensity method
Number of particles released

Number of inactivated

Fraction of

from microorganism source

microorganisms

remaining

9904

4581

0.51

Similar to Figure 5-5, Figure 5-6, and Figure 5-7 and Figure 5-8 show two inactivated
microorganisms with implementation of multi average UV intensity values. In this method,
depending on the position of microorganism from UR-UVGI lamp, several UV average values
are applied into microorganisms. These microorganisms receives sufficient amount of doses to be
inactivated. Although various kinds of microorganism trajectories are available, this section only
represents these two microorganisms to show difference between UV intensity implementation
methods.

80

Figure 5-7. Trajectory of a particle with multi average UV intensity values simplification
(ACH=6)

Figure 5-8. Trajectory of a particle with multi average UV intensity values simplification
(ACH=6)

Table 5-3 compares number of inactivated microorganism when multi UV intensities are
applied into all microorganisms. This table shows that at the end of UV intensity implementation,
still %53 of microorganisms are viable inside of the environmental chamber. Fraction of
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remaining microorganism with applied multi-average UV values is higher than fraction of
remaining microorganism with applied single average UV value in upper room space. Hence, the
fraction of remaining microorganism depends on the UV irradiance implementation methods.

Table 5-3. Fraction of remaining for multi UV intensity values method
Number of particles released

Number of inactivated

Fraction of

from microorganism source

microorganisms

remaining

9904

5249

0.53

A supplementary program has been developed to implement local UV intensities in upper
room space. This program applies UV intensities in each position based on interpolated
experimental measurement UV intensities. Figure 5-9 and Figure 5-10 show another two
inactivated microorganism with applying local UV intensities.

Figure 5-9. Trajectory of a sample particle with interpolated local UV intensity values (ACH=6)
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Figure 5-10. Trajectory of a sample particle with interpolated local UV intensity values (ACH=6)

Table 5-4 compares fraction of remaining microorganism for local UV intensity method.
Comparison between these three different UV implementation methods confirms importance of
these methods. It is important to note that these differences are in global results, such as fraction
of remaining. Thus, implementation of accurate UV values is crucial for CFD UR-UVGI
simulations.

Table 5-4. Fraction of remaining for local UV intensity value method
Number of particles released

Number of inactivated

from microorganism source

microorganisms

9904

5744

Fraction of remaining

0.58

Based on the results of these sample microorganism dispersion when the air change per
hour rate is six, %51, %53, and %58 microorganism are viable inside of indoor environment. The
reason for differences between these differences in the results originates from UV irradiance
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simplifications methods. For single average UV intensity value, a uniform UV intensity value
applied for all microorganisms in upper room space. In one hand, this method can simply
impalement this single value for all microorganisms. On the other hand, this simplification can
create error in results. For the multi average UV irradiance intensity values method, depending of
the location of microorganism, different average UV irradiance values applied to
microorganisms. Finally, in the third implementation of UV irradiance method, there is no
simplification on UV irradiance intensity values. Therefore, this method accurately applies
interpolated local UV irradiance intensities based on experimental measurements.
This chapter reviewed usage of the Lagrangian method to model microorganism
dispersion inside of indoor environments. To show importance of the Lagrangian method in
interpretation of the Eulerian results, this chapter drew microorganism trajectories to emphasize
on the Lagrangian results. Although several possible scenarios were available for each
simplification, this chapter only presented sample microorganism trajectories. Therefore, when
CFD results were validated with the experimental results, this research study used the Eulerian
method to analyze sensitivity of results into most simplifications. Then, the Lagrangian method
was used to analyze application of UV intensity simplifications and inactivation process. The
Lagrangian method mostly were used to provide more details about microorganism dispersion in
the environmental chamber.

Chapter 6

Critical Modeling Considerations in Deploying the Eulerian and Lagrangian
Methods
Ideally, microorganism distribution results for the Eulerian and Lagrangian methods
should be the same, and the CFD results should be consistent with the experimental results. For
instance, these two methods calculate the velocity field in the same way. They use conservation
equations for airflow mass, momentum, energy, and turbulent properties to obtain the indoor
airflow pattern. Based on presented results, differences between the Eulerian and Lagrangian
methods exist and originate from microorganism modeling methods. The Eulerian method uses
concentration equation to represent the amount of microorganisms, while the Lagrangian method
uses discrete phase to represent individual microorganisms. This chapter briefly explains
advantages and disadvantages of using these two different methods to provide critical modeling
considerations in deploying the Eulerian and Lagrangian methods.
Section 6.1 compares computational time of the Eulerian and the Lagrangian method.
Then, section 6.2 compares advantages and disadvantages of UV implementation methods in the
Eulerian and in Lagrangian methods. So far, in this study, all comparisons between the Eulerian
and the Lagrangian method of this study have been done based on the CFD modeling methods
and simplifications. However, comparison between the Eulerian and the Lagrangian method
based on the microorganism susceptibility and its modeling is important. Hence, there is a
difference between these two applied methods, and it is possible to find an advantage for the
Lagrangian method over the Eulerian method. Section 6.3 explains these microorganism
susceptibility modeling differences.
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6. 1 Computational Time for the Eulerian and Lagrangian Simulations
There is a difference between computational time for the Eulerian and the Lagrangian
method for the same simulated indoor environment (Zhang and Chen 2006; Zhao et al. 2004). In
the present study, the computation time for the Lagrangian method is roughly double the
computation time for the Eulerian method. Besides general differences in the required
computational time of these two methods, simplifications and modeling methods are also
different. For example, for the Eulerian method, the present research study runs two simulations
when the UR-UVGI lamp is “on” and when it is “off”. Hence, even though for each of these
simulations computational time is less than the computational time required by these two
simulations are comparable to the computational time for the Lagrangian method. In contrast, the
Lagrangian method solves dispersion of particles once, and then effects of UR-UVGI lamps
applied during the post-processing stage. Table 6-1 compares the difference between computation
times and number of computational nodes for these two methods for the same simulation domain.

Table 6-1. Comparison between the Eulerian and the Lagrangian method computational cost
CFD method

Computational Time (Hours)

The Eulerian method
The Lagrangian method
*

~ O* (12)

O* (14)
~O* (30)

Number of nodes
8
16

stands for order of magnitude

In the beginning of this research study, the Eulerian method used a commercial software
package installed on a single desktop computer (CHAM 2009). To decrease computational time,
a parallel version of this commercial software package was also used. Therefore, it was possible
to expedite computational effort with less computational time. Computer nodes mentioned in
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Table 6-1 were related to High Performance Computer (HPC) nodes at Pennsylvania State
University. These nodes in the Lagrangian method utilized Intel Xeon 3160 Dual-Core 3.0 GHz
CPU, but computers in the Eulerian method had Dual-Core 3.2 GHz CPU. Therefore, it was not
completely possible for this research study to compare computational time for these two methods.
Moreover, for the Lagrangian method, several supplementary computer programs were developed
in the Matlab commercial software to compute the inactivation process of microorganisms.
Appendix A-2 reviews supplementary computer programs for both Lagrangian and the Eulerian
method. Thus, in Table 6-1 for the Lagrangian method, only computational time for simulations
in the Fluent commercial software has been noted. The comparison shows that:
(1) The overall computational times for both methods are in the same order of
magnitude. Although it is believed that for the Eulerian method two CFD simulations
are necessary, it is possible to run only one simulation similar to the Lagrangian
method. However, the present work does not use one simulation for the Eulerian
method.
(2) In the Eulerian method, during the pre-processing stage, boundary conditions and
modeling methods were implemented, but in the Lagrangian method, modeling
methods related to UR-UVGI were implemented during the post-processing stage. At
least six computer programs were developed to couple these post-processing
programs to account for the inactivation of microorganisms. This stage in the
Lagrangian method was the most tedious and time-consuming part. However, when
the supplementary computer programs for the post-processing stage are available, it
is better to use the Lagrangian method instead of the Eulerian method because it
provides more informative results than the Eulerian method.
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6. 2 Implementation of UV irradiance Field into CFD Simulations
UV irradiance field implementations in Eulerian and the Lagrangian methods vary. In the
Eulerian method, UV irradiance field simplifications in section 3.3.1 and 3.3.2 were applied
together with the transport equation for microorganism concentration. Based on sections 3.3.1
and 3.3.2 a single average UV irradiance value and multi average UV irradiance values were
implemented in the CFD commercial software package. Besides these two applied UV irradiance
simplifications in the Eulerian method, this research study also applied local UV irradiance field
in the Lagrangian method.
Figure 6-1 compares UV irradiance modeling methods in this research study. This figure
shows that for the single and multi average UV irradiance value methods, a supplementary
computer program were used to derive these average UV irradiance values. Afterwards, for the
Eulerian method, these UV irradiance average values were implemented into the CFD
commercial software package directly. However, for the Lagrangian method these values and
local UV irradiance values were applied during the post-processing stage. Comparison between
these different UV irradiance modeling methods show that:
1) A supplementary computer program should interpolate UV irradiance intensity
measurements from experimental studies to derive local UV irradiance
distribution. This supplementary computer program provides sufficient data to
implement in the Lagrangian method to fulfill the third UV irradiance intensity
implementation in UR-UVGI CFD studies.
2) For the first and second UV irradiance intensity simplifications, two options are
available. In one option, UV irradiance intensities from experimental
measurements can be averaged to determine single and multi average values. In
the other option, a supplementary computer program can be developed to derive
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average values for UV irradiance intensities based on interpolated local UV
irradiance intensities. This research study utilized the second option.
3) Implementation of UV irradiance intensity values into CFD software package for
the Eulerian method was easier than the Lagrangian method. However, once
supplementary computer programs were developed in the post-processing stage
for the Lagrangian method, computational time and effort for implementation of
UV irradiance field intensities in the Lagrangian method became comparable to
the Eulerian method.
Final Lagrangian Results

Supplementary computer program

Final Eulerian Results

Lagrangian Results

The Eulerian based

The Lagrangian based

commercial software

commercial software

Supplementary computer program

Single-average

Multi-average

Local UV

UV irradiance

UV irradiance

irradiance

Figure 6-1. Comparison between UV implementation methods in the Eulerian and Lagrangian
methods
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6. 3 Microorganism Susceptibility to UV Irradiance and its Modeling with the Eulerian and
Lagrangian Methods
The Eulerian and the Lagrangian methods have different advantages and disadvantages.
One of main pitfalls of the Eulerian method is related to the susceptibility of microorganism and
its modeling in the CFD simulations. In other words, calculation and implementation of threshold
value for inactivation of microorganisms are different. In this method, instead of using particles to
track them, a scalar is used to represent the number of microorganisms with this scalar. Moreover,
a linerarized sink term is used in the transport equation of concentrations to add effects of URUVGI lamps in indoor environments (Beggs et al. 2004). Then, microorganism inactivation
equation is combined with a scalar transport equation to describe airborne microorganism
concentration in the presence of a UV field (Noakes et al. 2004). In contrast, modeling method of
particle representations is different. There is no need to model number of particles with a scalar
for microorganism concentration. Furthermore, there is no need to use a linerarized sink term.
Therefore, calculation of dose amount for microorganism is different in the Lagrangian method.
Therefore, this study mostly uses the Lagrangian method to represent amount of dose for
each microorganism. One of main drawback of the Eulerian method is related to this
approximation. In the Eulerian method, it is not possible to determine how many times a
microorganism receive sufficient amount of dose to be inactivated. Therefore, in this method, it is
possible for a microorganism to be several time inactivated. On the other hand, in the Lagrangian
method, it is possible to obtain the exact value of dose for each particle at each computational
time step and position. Figure 6-2 shows differences between implementation of inactivation
process in the Eulerian and Lagrangian methods.
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Microorganism concentration equation

PHOENICS
commercial

+
The Eulerian method

Implementation of inactivation process

software
package

in the CFD software
Fluent
commercial

Particle tracking results

software
package

The Lagrangian method
Implementation of inactivation process

Matlab
commercial

in the post-processing state
software

Figure 6-2. Schematic illustration of inactivation process in two CFD commercial software
package
Another difference between the Eulerian and the Lagrangain method originates from
presence of particles. In the Lagrangian method, particles are available in the CFD domain as
long as the trajectories can be computed. Then, during the post-processing stage, for each particle
at each position, based on the susceptibility of microorganisms, and amount of UV irradiance the
amount of dose can be determined. When each particle receive sufficient amount of dose, still the
particle is in the CFD domain. However, this particle is not anymore viable. On the contrary, for
the Eulerian method, microorganism concentration was derived based on simultaneous effects of
UR-UVGI lamps on microorganisms. Then, in the Eulerian method, microorganisms were
eliminated during simulations. Therefore, in this point of view, it is better to use the Lagrangian
method than the Eulerian method.

Chapter 7

Conclusions and Future Work
This thesis explored methods for assessment of UR-UVGI lamp performance in a patient
room. The thesis presented and validated CFD simulated performance indicators, such as the
fraction of remaining microorganism and UR-UVGI effectiveness. The validation used
experimental data of performance indicators available in the literature (First et al. 2007; Rudnick
and First 2007). In addition to validation, this study examined different CFD modeling methods,
CFD simplifications, and CFD results presented and provides recommendations for future work.
The three objectives of this research study were to (1) evaluate performance of UR-UVGI
lamps in patient rooms using CFD, (2) conduct a sensitivity study for various simplifications
applied to UR-UVGI lamp boundary conditions, and (3) compare two CFD microorganisms
modeling methods including the Eulerian and the Lagrangian method. This research study used
two commercial CFD software packages to meet the first objective. Subsequently, for the second
objective, this thesis proposed and tested various simplifications for the boundary conditions
affecting calculations of UR-UVGI lamp effectiveness. Then, these simplifications were applied
to two microorganism modeling methods in CFD studies. Using these CFD microorganisms
modeling methods, global UR-UVGI lamp performance parameters have been compared with the
existing experimental results (First et al. 2007; Rudnick and First 2007). Although there have
been several studies using CFD to study performance of UR-UVGI lamps, to the best of our
knowledge, there is no single study that systematically looked at different CFD simplifications
and simultaneously compared their implications to two microorganism modeling methods. In
addition, a new performance parameter, called UR-UVGI effectiveness, was defined to account
for contaminant removal effectiveness by the ventilation system and UV lamp irradiation field.
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This parameter can be extended to other UR-UVGI performance studies, both numerical and
experimental, to enable direct result comparisons.

7.1 Thesis Conclusions
After the introduction and literature review in chapters 1 and 2, chapter 3 introduced and
explained details of simplifications for the boundary conditions in CFD studies and CFD
modeling methods. Then, chapter 4 and chapter 5 described sensitivity analysis of these
simplifications applied to the Eulerian and Lagrangian method to simulate performance of URUVGI lamps in patient rooms. chapter 6 reviewed critical modeling considerations in deploying
the Eulerian and Lagrangian methods. The results of the present work show that:
1) Implementation of accurate boundary conditions, such as thermal boundary
conditions and UV irradiance intensity field, is important. Therefore, recording these
boundary conditions in experimental studies is vital.
2) Both the Eulerian and Lagrangian method can successfully be used to study
effectiveness of UR-UVGI lamps in patient rooms. Albeit these two modeling
methods have different approaches, the global CFD simulated results from these two
methods, such as fraction of remaining microorganism and UR-UVGI effectiveness,
are the same. Therefore, as long as the detailed internal description of
microorganisms is not of interest, the simpler Eulerian method can be used.
3) The Eulerian method used continuum microorganism concentration to represent
dispersed microorganisms, and the Lagrangian method used discrete particle-tracking
method to represent dispersed microorganisms. Therefore, it is possible to use the
Eulerian method to obtain continuous distribution of microorganism concentration.
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Then, the Lagrangian method can be used to interpret the results in more details by
providing individual trajectories of microorganisms.
4) Programming schemes and stages in these two methods are different. For example, in
the Eulerian method, it is possible to implement user programs in the commercial
software packages during the pre-processing stage of simulations, yet in the
Lagrangian method, at least three post-processing programs were used in this
research study
5) The computational costs of both methods are comparable when the post-processing
programs for the Lagrangian method are available. The results of this research study
show that the Lagrangian method can provide results with more details than the
Eulerian method. In the Lagrangian method, there are no simplifications on the
inactivation process, and the amount of dose at every position can be computed.
Comparison between the Eulerian and the Lagrangian method show that a threshold
value for inactivation of microorganisms can explain differences between the
Eulerian and the Lagrangian results, including global results, such as the fraction of
remaining microorganism and UR-UVGI effectiveness.

7.2 Future Work and Recommendations
This study used CFD to study the effectiveness UR-UVGI lamps in patient rooms. The
results have been partially validated with the existing experimental data because the level of
experimental setup details necessary for a full validation was not available. Here are a few
recommendations to help future experimental studies to provide necessary data for full validation
of numerical simulation results.
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1) It is advisable to study performance of UR-UVGI lamps both experimentally and
numerically at the same time. For instance, experimental research in an indoor
environmental chamber, with installed UR-UVGI lamps and a capability of
microorganism dispersion, should measure all important boundary conditions for the
CFD part of a study. In addition to measuring boundary conditions, experimental
studies can be used to provide detailed microorganism distribution data to validate
and verify CFD results.
2) Using two CFD modeling approaches, the Eulerian and the Lagrangian method, have
been applied together for the first time to study UR-UVGI lamp performance.
Therefore, for future studies, it is possible to continue development of simulation
methods to assess detailed microorganism distribution in patient rooms with URUVGI lamps. Detailed simulations can be useful when dealing with real patient
rooms where local microorganism distributions are important for design decisions
such as a layout of supply and exhaust diffusers, patient beds, and dividing partitions.
Informed designed decisions would help reduce the number of infectious due to cross
contamination in patient rooms.
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Appendix A

Definition of Microorganisms in This Research Study
This research study uses the general name of microorganisms or particles for a wide
range of bioaerosols, and it does not distinct small differences between these definitions. This
master thesis mainly focuses on the CFD modeling methods of dispersed microorganisms in a
patient room with installed UR-UVGI lamp(s) on walls, and studying various kinds of
microorganisms is not in the scope of this study. Although throughout literature, airborne
pathogens are classified into three groups: (1) viruses, (2) bacteria, and (3) fungi, it is usual to use
bioaerosols or microorganisms term for airborne pathogens. Table (A-1) shows classification of
these three pathogens (Dreiling 2008). This research study similarly uses a general name of
microorganisms or particles interchangeably to deliver the purpose of dispersed microorganisms.
Even though these microorganisms vary in their characteristics, for homogenous and
monodisperse particles, the dominant parameter to determine acting forces on the particles is only
diameter of particles. Moreover, to consider physical and biological properties of
microorganisms, this master thesis uses the susceptibility of microorganisms and the inactivation
dose of microorganisms in addition to the size of microorganisms (diameter of particles).
Table A-1. Classification of pathogens (Dreiling 2008)
Pathogen

Individual sizes (µm)

Common examples

Viruses

0.003 to 0.06

Measles, influenza, and smallpox

Bacteria

0.4 to 5

Tuberculosis (TB), anthrax, pneumonia, and strep throat

Fungi

2 to 10

Ringworm and yeast infection
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Appendix B

A Quick Review of Developed Supplementary Pre- and Post- Processing
Programs
This research study developed six pre- and post- processing complementary programs in
order to determine the effectiveness of UR-UVGI lamp(s) in patient rooms. These
complementary programs are developed in addition to the existing built-in functions in
PHOENICS and Fluent commercial software packages (CHAM 2009; Fluent 12 2010). These
complementary programs are developed in the Matlab commercial software (MATLAB R2009a).
The following sub-sections explain briefly purpose of these programs. These programs are:
(i)

An interpolation program is developed to interpolate UV intensity field in the
upper-zone from experimental UV measurements. This program interpolates
UV irradiance intensity field at each position in the upper-zone.

(ii)

An averaging program is developed to calculate average UV values in the
upper-zone.

(iii)

A program is developed to extract position of each particle from thousands of
separate files and write the position of each particle at dedicated file for each
particle in the Lagrangian method.

(iv)

A program is developed to draw particle trajectories and established an
animation to follow each particle from the beginning of dispersion to
termination of trajectories in the Lagrangian method.

(v)

An inactivation program is developed to determine inactivation of particles in
the Lagrangian method for all particles. This program combines UV irradiance
field, exposure time, and the susceptibility of microorganisms to determine
inactivated and viable particles at the end of inactivation process.
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(vi)

A simple batch file in the Windows operating system is developed to change
the particle position and particle ID files exported from the Fluent commercial
software package with unknown extension to readable files.

(i) A Program to Interpolate Experimental UV Intensity Measurements
The experimental UV measurements are available for the UR-UVGI lamp configuration
as it shown in figure B-1 (Rudnick and First 2009). The experimental study measured UV
intensities for six horizontal planes at 7, 7.5, 8, 8.5, 9, and 9.5ft. For each horizontal plane, twelve
points were measured (as it shown in figure B-1). Therefore, UV intensities are available for 72
points in the upper room space. A program is developed in order to derive UV intensities for each
position in the upper room space. Figure B-2 shows examples of interpolated UV irradiance
intensities at six different elevations including 2.2m, 2.3m, 2.4m, 2.5m, 2.6m, and 2.7m. The UV
irradiance intensity distributions in this figure are depicted at horizontal plane perpendicular to
UR-UVGI lamps. This program interpolates UV irradiance intensities in the pre-processing stage
of CFD results. Therefore, this program derived UV intensities before starting simulations. Then,
in the next stage, single-average value and multi-average values are derived based on these local
interpolated UV irradiance intensity distributions.
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Figure B-1. Experimental measurements of UV irradiance field in experimental measurements in
a horizental plane prependicular to UR-UVGI lamps installation
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Figure B-2. Interpolated UV intensities (μW/cm2) at six different elevations (a) 2.2m, (b) 2.3m,
(c) 2.4m, (d) 2.5m, (e) 2.6m, (f) 2.7m

100
(ii) A Program to Derive Average Values for UV Irradiance Field Volumes
Program (i) interpolates UV intensity distribution for the upper room space. Then,
interpolated values for upper room space should be averaged to derive single- and multi- average
UV irradiance values for average UV volumes. This program calculates UV irradiance average
values for various combinations of volumes.

(iii) A Program to Extract the Position of Particles and Construct a File for Each Particle
Alone
To derive position of particles separately in the post-processing stage in the Lagrangian
method, it is crucial to have position of particles for all time steps in a single file. However,
exported files from commercial software are based on the position of all particles. Thus, a
complementary program should extract the position of each particle from all exported files and
write them in a separated file for each particle. Then, the trajectory of particles can easily be
drawn in the post-processing. Furthermore, inactivation process can be implemented in the postprocessing stage for the Lagrangian method, when for each particle position of particles is
available. Consequently, in the Lagrangian method, it is vital to extract position of each particle
from thousand files and write them in dedicated files.

(v) A Program to Draw Particle Trajectories
This program easily read position of particles at each time step, and then it draws
trajectory of particles. These particle trajectories are helpful in interpretation of microorganism
behavior inside of patient rooms. In addition to draw trajectory of each particle, this program
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creates an animation. These animations can be used in the post processing stage to interpret
behavior of dispersed microorganisms inside of indoor environment.

(vi) A Program to Determine the Inactivation Process
When the position of particles, the amount of UV irradiation, and the type of
microorganism are available, these values can easily be combined together to determine the
amount of dose at each point for microorganisms. Afterwards, this program decides inactivation
of particles based on physical properties of the microorganism. Moreover, a determined threshold
value for each microorganism can be defined to obtain chance of inactivation for dispersed
microorganisms. This program determines number of inactivated and viable microorganisms at
the end of a simulation.

(vii) A Windows Batch File to Change Type of Files
Exported files from the commercial software are not readable in the Windows operating
system. Therefore, “ChangeType.bat” program changes extension of files from the unknown
extension type to readable extension file. A simple batch file in the Windows operating system
can easily change the extension of all files –more than ten thousands files- simultaneously. Then,
programs such as the Microsoft Excel 2007 or Matlab can easily open the readable text files.
Figure B-3 shows procedure of this batch file.
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Exported history of
Exported history of particle
particles files from the CFD
files with readable
commercial software with
extension
unknown extension
ChangeType.bat
Change the extension of more than ten thousands files simultaneously
Figure B-3. Windows batch file to convert extension of files
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Appendix C

The Archimedes Number
Non-dimensional parameters are usually used to extend applicability of results. For
studies in UR-UVGI lamps, also, is vital to select appropriate non-dimensional parameters. One
of these non-dimensional parameters is the Archimedes number. To show the importance of nonisothermal effects in UR-UVGI simulations, effects of buoyancy force due to natural convection
should be assessed. This number is a combination of time scales for natural and forced
convection. Therefore, time characteristic scales for forced and free convection can be used to
show the effect of corresponding forces (Memarzadeh and Jiang 2002). Forced and free time
scales are:

(

)

(C-1)

(C-2)

√

√

where L, U, ,

,

(C-3)

,

,

are length characteristic scale, velocity scale, gravity

acceleration, Grashof number, thermal expansion coefficient, and maximum temperature
difference in indoor environment as temperature scale, respectively. In this research study

is

the mean air temperature differences inside of the environmental chamber and L is the room
height. The ratio of forced to free times can rearrange to find the effect of free convection. When
Archimedes number is above 10, the free convection effect is dominant (Memarzadeh et al.
2004b)
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(

where

and

(C-4)

)

(C-5)

are time for forced convection and time for natural convection.

For this study, based on derived Archimedes numbers in chapter 4, effects of buoyancy force is
not negligible. Thus, UR-UVGI CFD studies depend on their object configurations and
Archimedes number should use non-isothermal simulations instead of isothermal simulations.

Appendix D

Experimental Results for Validation of Simulated CFD Results
This research study validated simulated CFD results with the experimental results in the
literature (First et al. 2007; Rudnick and First 2007; and Rudnick 2008 and 2009). A famous
research group at Harvard School of Public Health (HSPH) conducted 28 experiments with
changing type of UR-UVGI lamps, configuration of UR-UVGI lamps, and airflow pattern inside
of the environmental chamber. Figure D-1 shows configuration of this environmental chamber at
HSPH.

Figure D-1. Schematic of environmental chamber at HPSH (photograph courtesy of Dr. Rudnick)

106
In these twenty-eight experiments, there are three changes in (1) types and configurations
of UR-UVGI lamps, (2) airflow pattern, and (3) type of microorganisms. UV irradiance intensity
distributions, airflow changes, and type of microorganisms should be known to reproduce the
same experimental boundary conditions in the present study. Among these three changes in
parameters, implementation of the microorganism type is the simplest one. For each
microorganism type, physical properties of microorganism are available in the literature
(Kowalski 2005). However, implementation of UR-UVGI lamp positions and configurations and
airflow pattern are difficult than the implementation of microorganism type.
To determine UV intensities for different UR-UVGI lamp position and configuration
changes, the present research study developed a complementary program to interpolate UV
irradiance intensities based on experimental measurements (Rudnick and First 2009). There are
seven configurations of UR-UVGI lamp configurations among these 28 experiments. These
configurations are: (1) UR-UVGI lamp installed on the long wall, (2) UR-UVGI lamp installed
on the long wall with lumalier lamp, (3) UR-UVGI lamp installed on the long wall with lumalier
pendant lamp, (4) UR-UVGI lamp installed on the long wall with lumalier pendant lamp (when
louvers were removed), (5) two UR-UVGI lamps installed on walls with lumalier pendant lamp,
(6) four UR-UVGI lamps installed on walls with Atlantic pendant lamp, and (7) four corner
lamps. It was possible to determine single average value, multi-average values, and local UV
irradiance intensities for only one of these seven UR-UVGI lamp configurations.
To determine airflow pattern parameters, it was not possible to obtain type, speeds, and
positions of operating fan. This study only had an access to supply air velocity. Hence, it was
possible to replicate two air changes per hour (ACH), and it was not possible to determine
position and speed of fans when fans are “on”. Therefore, this research study compared
performance of a UR-UVGI lamp installed on the long wall for two air changes per hour,
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including 2ACH and 6ACH. In addition to this validation case study, the present research study
simulated another configuration of UR-UVGI lamps in the patient room. This configuration is
two walls UR-UVGI lamps installed on the short walls. Figure D-2 shows these two UR-UVGI
lamp configurations.

(a)

(b)

Figure D-2. Indoor environment layout: (a) single wall configurations for UR-UVGI lamp: (b)
two wall configurations for UR-UVGI lamps
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