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Abstract
An operation room is a critical environment when it comes to the safety of patients
undergoing surgery. There are a lot of factors that go into reducing Surgical Site Infections (SSI)
following a surgery. This comes in the form of cleaning standards, surgical practices, but also
environment controls. The characteristics of airflow within an operation room are related to the
risk of an SSI. Some of these factors are temperature, velocity, and turbulent air around an open
wound which could increase the chance of bacteria or other particles entering the very vulnerable
patient. As clean room standards continue to be developed it is important that the engineering of
the environment follows. A standard operation room is typically equipped with one large laminar
diffuser array directly above the surgical table. The purpose of this array is to provide a constant
downward stream of air at high enough velocity so that air flows down and away from the open
wound. However, surgical equipment or medical staff disrupt this flow and the
increase possibility of bacteria spreading.
The purpose of this thesis is to explore the viability of adding air curtains around the
typical laminar diffuser array. These air curtains act as another barrier to re-circulation
happening in the environment around the surgical table. By completing several simulations
analyzing how airflow is affected with the introduction of air curtains and changing their
characteristics a recommendation for their use could be developed.
The characteristics of interest are exit configuration, number and positioning of exit
vents, location of air curtain, air changes per hour, air curtain exhaust angle, and slot thickness.
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1. Introduction
The requirements for indoor environmental quality in a health care setting is very
complex but plays an integral part of the safety for the patients and those who work there. Some
of the factors of importance are the type of ventilation, air distribution, and filtration. These
variables are tied to concentration of airborne contaminants, which need to be minimized for the
safety of those in these environments. One of the most controlled environments in any health
care setting is an Operation Room (OR).

Figure 1: Image of a Typical Operation Room

The design of an operation room can play a significant role in reducing surgical sight
infections (SSI), which has driven safety procedures and quality standards in ORs. The pursuit of
improving the quality of operation rooms is a multidisciplinary effort pulling from medicine,
13

biology, engineering, and many more disciplines. There is a long history when it comes to the
development of hospital operation rooms and practices.
Two of the most notable and influential practices were the success of antisepsis methods
and anesthesia. There are entire organizations dedicated to providing the most current and best
practices when it comes to the design, layout, methodology, and cleaning of operation rooms.
Some of the development of indoor quality standards and recommendations have been
influenced using computational fluid dynamics (CFD) within the past two decades. CFD can
provide accurate insight through numerical models and predict fluid phenomena.
1.1 Surgical Sight Infections
Surgical site infections (SSI) are caused when dust particles, textile fibers, skin scales,
and respiratory aerosols that contain bacteria are introduced into the operating theatre
environment [1]. When the bacteria in the surrounding air or on surgical instruments enter the
surgical site, they can cause an SSI [1]. Fortunately, over the past few centuries more has been
learned about these airborne microbe-carrying particles and operating room quality. Through
dilution and filtration these sources of bacteria can be maintained to a significant degree.
However, SSIs are still a large risk of death, especially to elderly patients and those with
weakened immune systems. Around 700,000 patients each year in the U.S. get an SSI, causing
an additional health care cost of $3.5 billion annually [2].
In order to maintain the standards of acceptable air quality inside a hospital, and
operation rooms specifically, there is a large operating cost. This is because ORs have to be
ready for patients at every hour of the day and they are the most expensive to heat, cool, and
ventilate [3]. By making frequent air changes (ACH) and filtering, most airborne particles can be
removed. However, maintaining a controlled air conditioning system is not the only
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consideration when it comes to the operating room environment. The layout, movement, and
number of persons present are just a few of other contributing factors to SSIs.
There are entire procedural and behavior strategies to reduce the airborne particles and
risk of surgical complications. There are very straight forward strategies such as limiting the
number of personnel to only those who are necessary, wearing proper attire, and limiting
movements [2]. And even other procedures that address the effect of poor communication,
inattention, stress, cognitive errors, bad technique, or improper equipment [2]. Knowledge about
the relationship between all these factors and surgical sight infections has grown tremendously
and more is being learned each day.
Some of the organizations that take up the helm of developing standards and procedures
are those such as the: ASHRAE, ISO, World Health Organization, Center for Disease Control
and Prevention, and many more. Although recommendations and minimum standards can differ
from one source to another it is clear from the amount of evidence that standards should be
followed as a method of reducing surgical sight infections.
1.2 Operation Room Standards
When it comes to the standards for an operation room there are several different
guidelines, requirements, and standard practices that are implemented. These standards are
influenced by considering a number of perspectives and professional disciplines. These standards
aim to provide the best balance across these disciplines, while maintaining the care and safety
that is paramount to the healthcare industry [3]. For example, an operation room needs to have a
balance between factors such as safety, energy use, and operating cost to be practical. There are a
lot of standards to consider, but those most relevant to the objective and scope of this paper will
be discussed. Specifications surrounding ventilation, layout, and air conditions will be the initial
focus of investigation before making changes in a numerical model and discussing the results.
15

Recommendations for indoor conditions such as temperature of 20-23°C, 30-60% relative
humidity, and minimum 15 ACH come from the American Institute of Architects. However,
these recommendations change depending on the organization. ASHRAE recommends 20-24°C,
30-60 relative humidity, and minimum of 20 ACH with 4 ACH of outdoor air [2]. ASHRAE
Standard 170 covers the ventilation of health care facilities. When it comes to operation rooms
ASHRAE requires the OR to be held at positive pressure relative to the surrounding rooms, a
supply diffuser array with average velocity of 25-35cfm/ft2 (127-178L/m2/s) unidirectionally
downwards, cover an area at minimum 12 inches beyond the footprint of the surgical table, the
footprint of other equipment can cover no more than 30% of the diffuser array, and the OR
should have at minimum two low side exhaust grilles should be spaced at opposite corners as far
away as possible and 8 in (203mm) above the floor. These standards are relevant to the
development of an accurate computational model. The computational models in this paper will
be developed in Star CCM+ simulation software.
1.3 CFD Overview
Computational Fluid Dynamics (CFD) is a powerful modeling and numerical analysis
method that can be used to solve a variety of complex fluid flow problems. In order to get a
solution for fluid flow there are a series of governing equations that must be solved. The
equations enforced are the conservation laws of mass, momentum, and energy. With the increase
of computer computational capabilities, the scope and the practicality of CFD applications has
grown as well.
CFD was first introduced to the ventilation industry in the 1970s and has been adopted by
the community as a powerful research and prediction tool for complex air distribution systems
[4]. There are a few different factors to consider when developing a CFD model for prediction.

16

An intimate understanding of the numerical method is necessary when making changes to the
model to get a closer to true fluid flow in an environment. These changes affect the numerical
model used in prediction by changing turbulent models, type of flow, time dependency, and
initial conditions. Selecting the right models and approach to the system is directly related to the
scope and accuracy of the results. The formulation and pre-analysis of the flow problem are the
first steps in CFD applications.
1.4 CFD Applications
CFD has a wide range of applications and is used in many engineering disciplines. Some
of the fields of engineering that typically use CFD range from aerospace to automotive to HVAC
and many more. For example, CFD has been used in design of air supply openings, smoke
management, or even human body microenvironment predictions [4]. But those most relevant to
this paper are applications involved with the design and analysis of a variety of indoor
environments such as office spaces, apartments, and operation rooms.
For example, looking at a study done by Qiong Li et al. titled “CFD study of the thermal
environment in an air-conditioned train station building” shows the steps and model development
for a large indoor environment application. The study investigated a two-story train station in
China under three types of air-conditioning schemes [5]. By investigating CFD applications
similar or specific to the environment of an operation room the computational model and
research plan can be developed. Reviewing relevant literature and studies is necessary to validate
the results in any application.
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2. Literature Review
An operation room is a complex environment and changes within it are an active area of
research. Modelling this environment to better predict fluid behavior around the surgical site is
crucial to patient safety. The influence of various types of flow, parameters, and configurations
have been changed in CFD simulations for experimental evaluation.
Wang et al. [6] found that a high airflow rate was needed for a laminar airflow system to
achieve desired ultraclean conditions and a temperature-controlled airflow system achieved
comparable results at half the airflow rate. Results of this study also stated that increasing
ventilation rate alone will not always result in better contamination control. Thool and Sinha [7]
found that horizontal airflow systems can provide an alternative to operation room air flow
design, but the layout of operation room highly influenced particle concentration surrounding the
patient. Alsved et al. [8] also found that temperature-controlled airflow and laminar airflow
systems removed bacteria more efficiently from the air than turbulent mixed airflow.
Aganovic et al. [9] experimentally measured the influence of the impact of different
shape and size surgical lights in LAF systems compared to no surgical lights. Sadrizadeh and
Holmberg [10] found a significant difference in bacteria carrying particle deposition and
concentration in numerical simulations with a mobile laminar air flow unit and without.
Zhao et al [11] found airborne pollutant separation by means of air curtain had better
performance compared to the pollutant generation region and that the air curtain sealing
efficiency increases with ejection velocity. The results of study by Zhai and Osborne [12] did not
show a clear correlation between laminar flow diffuser (LFD) and air curtain flow rates and
particle concentration and recommend LFDs as the method of achieving maximum air asepsis.
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Table 1: Reference Matrix with Keywords
Paper
Ref
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Operating
Year
Room
2013
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2015
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2011
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2004
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Surgical
Thermal
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X
X
X
X
X
X
X
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X
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X

X
X
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CFD
Analysis
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X
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X

X
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X
X
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X
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X
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X
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X
X
X
X
X
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X

X

X

X

X

X

X
X

X
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X
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X

X
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Design /
Layout

Air
Curtain

X

X

X
X
X
X
X
X
X
X
X

X
X

X
X
X
X
X

X
X
X

A summary matrix showing keywords in reference papers used in this project can be seen
in Table 1. Most of the papers are directly related to operation rooms and CFD analysis.
However, some additional research was done in other environments to help balance out research
topics covered.
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3. Research Objectives
In order to investigate air curtain characteristics impact on the quality of air conditioning
a research plan was developed. With any Computational Fluid Dynamics research an accurate
model is necessary. By developing a model and simulating various physical parameters it was
possible to compare results with published research. By comparing meshing models, physics
models, and resulting behavior the validity of a model was confirmed. The next step was to
complete a series of simulations changing air curtain parameters with the end goal of producing a
set of recommended settings. The research objectives of this thesis are summarized below:

•

Develop an accurate computational model of a generic operation room for the analysis of
air conditioning and flow structures.

•

Investigate the impact of air curtain characteristics: exit configurations, positioning of
exit vents, and air curtain offset.

•

Study quality of air conditioning based on changes made to flow specifications: air
velocity, angle, and slot thickness.

•

Recommend air curtain settings for improved air conditioning effectiveness based on
results of simulations.

.

3.1 Development of Computational Model
In order to achieve realistic results in the environment of an operation room an
appropriate computation model needs to be developed. Conditions within the operation room
will be modelled closely to those mandated by various standards. These recommendations that
are most relevant to CFD applications focus mainly on variables such as temperature, air
changes, and room configurations. In this study the significant exploration surrounds the
introduction of air curtains into the room configuration and the impact of varying variables such
20

as exit velocity, angle, and slot thickness and the interaction it has with flow structures and
common practice standards.
The development of an accurate computational model requires effort on the physical
representation of the environment and choosing the correct solving method. The computational
analysis also needs to be achievable which requires strategic simplifying assumptions. In the
case of an operation room the most critical area in the environment is the area surrounding the
operation table, and more specifically over the open wound. This is where the patient is most
vulnerable, so most assumptions will be made to develop an accurate computational model
surrounding the operating table. In the case of this study all the computation analysis will be
done in the software package STAR CCM+.
With the specific interest on the change in the flow structures with the introduction of air
curtains it is necessary to model the air curtain accurately. The baseline for these air curtains will
be based on currently manufactured solutions specific to the operating room environment. The
baseline conditions will follow the manufacturer recommended settings and other studies.
3.2 Investigation of Air Curtain Characteristics
An air curtain system combines the use of a laminar diffuser array above the operation
table with four linear slot diffusers forming a perimeter around diffuser array. These slot
diffusers create the barrier known as the curtain by separating the surgical area from the
recirculating contaminates. When the architecture of the air distribution system changes from the
more traditional laminar diffuser array to an air curtain system so does the flow characteristics. It
is important to understand the impact of different air curtain system characteristics and the
impact on air conditioning quality.
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Figure 2: Air Curtain Systems Air Pattern from Price Industries [13]

Changes made to the system configuration, positioning of exit vents, and location of the
air curtain are a few of the parameters that will be changed to investigate air curtain
performance. The baseline for the changes to the system will be based on standards and
recommendations. For example, when using an air curtain system, the linear slot diffusers are
placed a minimum of three feet from the surgical table. The position of exit vents is to be as far
apart as possible, influenced by the number of exit vents possible. As space is often limited in an
operation room the recommended four exit vents on the center of each wall is not always
possible. Another exit vent is sometimes placed near the ceiling in the operation room in order to
capture the lighter gases that are present in some surgeries. The performance of the air curtain
system and the interaction between system characteristics will be investigated.
3.3 Assessment of Air Conditioning Quality
The assessment on the quality of air conditioning done by an air curtain system will be
done following several changes made to flow specifications. One of the variables used for
assessment is air velocity at various zones in the room. This is one of the reasons for an air
curtain system, as it can provide more control over the velocity of air at the surgical site. The
total system still provides the standards for air changes, but most of the air is being supplied by
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the linear slot diffusers rather than the laminar diffuser array. This allows a lower air velocity
around the surgical site which can reduce the risk of surgical site infections. This is because
research suggests that SSI risk is higher with a higher air velocity around the surgical site. One
standard says that the average velocity at the operating table should not exceed 35fpm. When the
velocity of the air output by one component in a system decreases, typically another component
will have to make up the difference to meet the required air changes.
According to Price Industries, a supplier of air curtain systems there is no official
standard for the distribution of total supply air between the laminar flow diffusers and air
curtains. However, a typical distribution is around 1/3 the total supply air coming through the
center panels and the remaining 2/3 through the slot diffusers. It is also recommended that the
ejection angle for the air curtains is within the range of 5° and 15° away from the table. By
changing parameters of the air curtain and laminar diffuser array the behavior inside the sterile
field can change significantly. Especially when other design changes such as room layout are
made. The goal of changing these parameters is to investigate any interactions they may have
with each other and assess the overall impact they have on the quality of air conditioning.
3.4 Recommended Air Curtain Settings for Air Conditioning Effectiveness
In order to recommend air curtain settings for the overall air conditioning effectiveness
several representative simulations will have to be run. The simulations will be structured based
on initial findings and evaluated to see if the significant interactions between the variables
changed. The criteria for air conditioning effectiveness is based on the air curtain integrity and
velocity of air at the height of the operating table. The first simulations will be conducted in a
mesh independence study with typical air conditioning settings.
Once an appropriate mesh size is discovered the research plan in the following section
can be pursued. This consists of a series of simulations changing the parameters of the operating
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room environment. With each variable changed throughout the simulations the significant
variables can be analyzed. This will lead to recommendations and further analysis in the form of
optimal configuration simulations. The results of which will be used as the recommendation for
the settings of an air curtain system for maximum effectiveness. As this study is done solely
within simulations this will leave room for testing and verification as future work.
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4. Research Plan
The run matrix at factor level (Table 2) is shown on the following page. This matrix was
used to generate the conditions for a series of simulations. The structure of the run matrix was
influenced by an L18 fractional factorial design of experiments because it is capable of running
one factor at two levels (no ceiling vent or one ceiling vent), and up to seven factors at three
levels (number of floor vents, ACH, curtain exhaust angle, slot thickness, and slot offset from the
surgical table). It is important to note that this is not a true design of experiments as there was not
a response variable measured across each simulation. The intent behind following a factorial
design was to have enough runs to cover interactions at multiple combinations of levels. The
level two values for each factor were chosen to be the recommended variable values based on air
curtain manufacturer’s application guides. This was not used for process development but as a
structure to work from analyzing variable interactions with respect to air curtain integrity and
effectiveness.
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Run 1
Run 2
Run 3
Run 4
Run 5
Run 6
Run 7
Run 8
Run 9
Run 10
Run 11
Run 12
Run 13
Run 14
Run 15
Run 16
Run 17
Run 18

1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2

1
1
1
2
2
2
3
3
3
1
1
1
2
2
2
3
3
3

1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
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Table 2: Run Matrix at Factor Level

1
2
3
1
2
3
2
3
1
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1
2
2
3
1
3
1
2

1
2
3
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3
1
1
2
3
3
1
2
3
1
2
2
3
1

1
2
3
2
3
1
3
1
2
2
3
1
1
2
3
3
1
2

Run 1
Run 2
Run 3
Run 4
Run 5
Run 6
Run 7
Run 8
Run 9
Run 10
Run 11
Run 12
Run 13
Run 14
Run 15
Run 16
Run 17
Run 18

0
0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1
1

2
2
2
3
3
3
4
4
4
2
2
2
3
3
3
4
4
4
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30
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35
25
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35
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5
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5
15
5
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15
5
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5
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Table 3: Run Matrix with Variable Values

28"
36"
44"
36"
44"
28"
44"
28"
36"
36"
44"
28"
28"
36"
44"
44"
28"
36"

The run matrix in Table 3 is the same matrix as seen in Table 2 but with the variable
values used in each simulation. The number of ceiling vents was the two-level factor which
could be no ceiling vent or one ceiling vent. The number of floor vents could be 2, 3, or 4. The
Air Changes Per Hour could be 25, 30, or 35. The discharge angle of air from the air curtain
could be 5, 10, or 15 degrees outward from the table. Each slot of the dual slot air curtain could
have a thickness of 1.9”, 2.2”, or 2.5” inches. The horizontal distance from the edge of the
surgical table to the first air curtain slot was configured at 28”, 36”, or 44” inches. The reasoning
behind these factor levels are discussed in the following sections.
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4.1 Exit Configuration
The main types of airflow systems used in an operation room are laminar flow, turbulentflow, and mixed air flow. The most common of these are laminar airflow systems, in which air
travels in parallel lines from an array of diffusers at the same velocity. This type of flow will
push airborne contaminants away from the open wound towards the exit vents. Laminar airflow
systems result in some of the best contamination control and seen as the best option for an
operation theatre. A laminar airflow system typically consists of an array directly above the
surgical area to provide a constant column of air.
The exit configuration in each simulation will include an air curtain system in the
operating environment. The air curtain system uses a set of laminar airflow diffusers directly
above the surgical site but are smaller and at a lower velocity than a pure laminar airflow system.
The rest of the air needed to meet the required number of air changes per hour comes from the
air curtains around the table which provide a barrier of air that prevents airborne contaminants
from entering the surgical area. The focus of this paper is to investigate, compare, and contrast
the performance of an air curtain system settings.
4.2 Number and Positioning of Exit Vents
Another important part of the system design inside an operating room is the number and
positioning of exit vents in the room. The minimum ASHRAE code for return grilles requires
two outlets at low level on either side of the room [13]. The return grilles are placed typically
three inches above the floor [14] in order to aid in the removal of heavier particles and prevent
recirculation or settling around the ground.
Nailor Industries Inc. and Prince Industries Inc., both hospital clean room system
manufacturers, state that the return grille selection and placement have little effect on the air flow
patterns in the room [15] & [16]. However, there should ideally be four low-level return grilles,
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centered in each wall, or mounted in a corner [17]. However, in a study by Memarzadeh and
Manning [18] the number of low-level return grilles ranged from 2-4, each being placed on the
center of a wall, with one additional grille located near the ceiling on the backwall. The
conclusion was that a mixture of low and high return grille locations may work slightly better
than all floor or all ceiling return layouts. Considering this research, the variable values for
number and position of exit vents was determined to be no ceiling vent or one ceiling vent. And
the number of low level or floor vents could be 2, 3, or 4.
4.3 Slot Horizontal Offset
The linear slot diffusers that make the air curtain system are offset from the central
diffuser array that is directly above the surgical site. These slot diffusers are typically offset 3ft
from the surgical table [19]. This creates the protective air curtain field outside the area that
surgeon and nurses would inhabit during a surgery. The closer the slot diffusers are to the table
the more likely they are going to create turbulent flow patterns from the surgical staff and the
further away they are from the laminar diffusers creates a larger recirculation region inside the
curtain. Also, as the distance from the table increases the total surface area of the perimeter air
curtains also increases and the distance to the nearest return vent decreases. In order to analyze
the impact that placement of the air curtain has, a baseline offset of 3ft was used with other
simulations being run at 2.33ft (28 inches) and 3.66 ft (44 inches) from the edge of the surgical
table.
4.4 Air Changes Per Hour
The control over the velocity of air around the surgical table is one of the reasons air
curtain systems are selected. It is recommended that high velocity air should be avoided around
the patient to avoid drafts and swirls that recirculate microbes or create a disturbance during
operation [2]. The air curtain system allows lower velocity air coming through the center laminar
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diffusers with most of the air being supplied through the perimeter diffusers. Air flow rates for
the air curtain should be delivered between 25-45 cfm/ft [15]. At air rates lower than this the air
curtain barrier that isolates the surgical table starts becoming less effective.
The velocity is related to the number of air changes as this variable dictates the total
amount of air supplied in each hour. If ACH goes up and no other changes are made to a given
system, the velocity of air increases. In an air curtain system, the distribution between the
laminar air flow and the slot diffusers is about 1/3 to 2/3 respectively [15]. In the case of this
study the number of air changes will vary resulting in a change in velocity. The ASHRAE
minimum ACH requirement in an operation room is 25 [13]. Most hospitals use 20-30 ACH for
their operation rooms, with outliers using up to 40 ACH [3]. The research from Memarzadeh and
Jiang [20] recommended a range of 20-25 ACH. In the case of this study the room size will not
change from 20ft x 20ft x 10ft nor will the air distribution ratio of 35% laminar air flow and 65%
air curtain. This will set a baseline curtain velocity of approximately 0.36m/s and baseline
laminar air diffusers at 0.12m/s with an ACH of 25. The velocity for the laminar diffuser is on
the lower end of Memarzadeh and Jiang’s [20] recommended eject velocity. In preliminary
simulations an ACH of 25 was necessary to achieve a throw of 0.25m/s at the height of the
operating table. For this reason, changes were made to the total number of air changes with a
baseline of 25 ACH and increased to 30 and 35 to drive the change eject velocity of the system.
4.5 Air Curtain Angle
Another factor to consider when using an air curtain system is the angle at which the
supply air is delivered. The recommended angle from the engineers who design these systems
ranges from 5-15 degrees [15]& [19]. This angle is either feature fixed or adjustable by blades to
direct the air away from the table. The reason to direct the air outwards the recirculating air
forces can be resisted, preventing air flow from approaching the table. However, if the angle is
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too large the purpose of the air curtain is defeated as the throw of the curtain (air at 0.25m/s) will
not reach the height of the table. The discharge angle of the air curtain in this study was set at 5,
10, or 15 degrees outward from the surgical table. In preliminary simulations, angles at 0 and 20
degrees were found to be too extreme.
4.6 Slot Thickness
Linear air curtains typically come in one or two slot configurations. Two slot
configurations are typical in air curtain systems and can achieve a thick uniform curtain of air
[15]. An air curtain typically discharges 25-50 cfm per linear foot of slot [19]. Increasing the
number of slots will effectively widen the air curtain barrier as well as increasing supply air to
the system. Increasing the width of the curtain as well as the velocity provides more resistance to
the recirculating air forces from outside the curtain. Linear slot widths from Price Industries Inc.
range from 0.5” to 1.5” inches. It was determined in preliminary simulations this was not enough
surface area evident by the fact that the resulting eject velocities of the curtain were extremely
high and outside the recommend 25-50cfm per linear foot. In order to see the impact that air
curtain slot thickness has on the air flow patterns a baseline slot thickness of 2.2 inches was used.
The two-slot system was also adjusted to slot thickness of 1.9 inches and 2.5 inches for
comparison.
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5. Governing Equations
Computational Fluid Dynamics (CFD) is a powerful modeling and numerical analysis
method that can be used to solve a variety of complex fluid flow problems. In order to get a
solution for fluid flow there are a series of governing equations that must be solved. The
equations enforced are the conservation laws of mass, momentum, and energy. These
conservation equations are solved in the three-dimensional Reynolds-Averaged Navier Stokes
Equations (RANS).
The RANS equations are derived from Navier-Stokes equations but are time-averaged and
have a turbulence model which significantly reduces computational requirements. The RANS
equations are solved in each cell in a generated mesh. The hundreds of thousands of cells that
make up the volume occupied by the fluid also are given boundary and physics conditions. The
three governing equations that make up what is referred to as the Navier-Stokes equations will be
partially derived in the following section.
5.1 Conservation of Mass
The Navier-Stokes equations require conservation of mass, momentum, and energy. The
differential equation for the conservation of mass is shown.
𝜕𝜌
⃗)=0
+ ∇ ∙ (𝜌𝑉
𝜕𝑡
This equation can be arrived at by looking the finite control volume element in Figure 3:
Finite Control Volume Element

32

Figure 3: Finite Control Volume Element

The balance of mass dictates that the mass rate of change entering the element is equal to the
rate leaving plus accumulation. By adding all the terms seen in the figure the conservation of mass
in Cartesian coordinates can be expressed as.
𝜕𝜌 𝜕(𝜌𝑢) 𝜕(𝜌𝑣) 𝜕(𝜌𝑤)
+
+
+
=0
𝜕𝑡
𝜕𝑥
𝜕𝑦
𝜕𝑧
For incompressible flow the density, 𝜌 , will be constant and in steady state cases the time
dependent term will disappear
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5.2 Conservation of Momentum
Applying the physics principle of Newton’s 2nd Law to the same finite element as before
and looking at the surface forces the momentum equation can be found.

Figure 4: Finite Control Volume Element Momentum
The relationship in Newton’s 2nd law is a vector relation; therefore, it is necessary to have
three components of the momentum equation respective to the three coordinate axes. Each
equation will have a source term which takes into account body and surface forces. Body forces
are those such as gravity, electric, and magnetic forces that act directly on volumetric mass of the
finite element. Surface forces are the forces acting directly on the surface of the finite element.
The two possible surface forces are pressure and viscous.
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Looking specifically at the surface forces in the x direction the x-component of the
momentum equation can be derived. 𝑆𝑀𝑥 represents the source term.
𝜌

𝐷𝑢 𝜕(𝜏𝑥𝑥 − 𝑝) 𝜕(𝜏𝑦𝑥 ) 𝜕(𝜏𝑧𝑥 )
=
+
+
+ 𝑆𝑀𝑥
𝐷𝑡
𝜕𝑥
𝜕𝑦
𝜕𝑧

Similarly, the momentum equation for the y and z components can be found as well.
𝜌

𝐷𝑣 𝜕(𝜏𝑥𝑦 ) 𝜕(𝜏𝑦𝑦 − 𝑝) 𝜕(𝜏𝑧𝑦 )
=
+
+
+ 𝑆𝑀𝑦
𝐷𝑡
𝜕𝑥
𝜕𝑦
𝜕𝑧

𝜌

𝐷𝑤 𝜕(𝜏𝑥𝑧 ) 𝜕(𝜏𝑦𝑧 ) 𝜕(𝜏𝑧𝑧 − 𝑝)
=
+
+
+ 𝑆𝑀𝑧
𝐷𝑡
𝜕𝑥
𝜕𝑦
𝜕𝑧

5.3 Conservation of Energy
The conservation of energy equation comes from the first law of thermodynamics; which
states that the rate of change of energy inside the element is equal to the net flux into the element
and the rate of work done on the element by body and surface forces.

Figure 5: Finite Control Volume Element Energy
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Looking once again to the finite volume element the equation for conservation of energy
can be drawn out. The net rate of work done by surface forces on the element can be found to be
−𝑑𝑖𝑣(𝑝𝑢) +

𝜕(𝑢𝜏𝑥𝑥 ) 𝜕(𝑢𝜏𝑦𝑥 ) 𝜕(𝑢𝜏𝑧𝑥 ) 𝜕(𝑣𝜏𝑥𝑦 ) 𝜕(𝑣𝜏𝑦𝑦 ) 𝜕(𝑣𝜏𝑧𝑦 ) 𝜕(𝑤𝜏𝑥𝑧 )
+
+
+
+
+
+
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑥
+

𝜕(𝑤𝜏𝑦𝑧 ) 𝜕(𝑤𝜏𝑧𝑧 )
+
𝜕𝑦
𝜕𝑧

And the net flux term can be found to be
−

𝜕𝑞𝑥 𝜕𝑞𝑦 𝜕𝑞𝑧
−
−
= −𝑑𝑖𝑣 𝑞
𝜕𝑥
𝜕𝑦
𝜕𝑧

The total derivative for energy inside the fluid element set equal to the work and flux energy
components results in the energy equation below.
𝜌𝐷𝐸
𝜕(𝑢𝜏𝑥𝑥 ) 𝜕(𝑢𝜏𝑦𝑥 ) 𝜕(𝑢𝜏𝑧𝑥 ) 𝜕(𝑣𝜏𝑥𝑦 ) 𝜕(𝑣𝜏𝑦𝑦 ) 𝜕(𝑣𝜏𝑧𝑦 )
= −𝑑𝑖𝑣(𝑝𝑢) +
+
+
+
+
+
𝐷𝑡
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑥
𝜕𝑦
𝜕𝑧
+

𝜕(𝑤𝜏𝑥𝑧 ) 𝜕(𝑤𝜏𝑦𝑧 ) 𝜕(𝑤𝜏𝑧𝑧 )
+
+
+ 𝑑𝑖𝑣(𝑘 𝑔𝑟𝑎𝑑 𝑇) + 𝑆𝐸
𝜕𝑥
𝜕𝑦
𝜕𝑧
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6. Modelling Approach and Justification
The modelling approach was guided by common CFD practices and papers seen in the
research plan. One of the first modelling decisions made was the size of the operating room. An
old standard for the size of an operation room was 400 square feet, however newer operation
rooms are being built of 600+ square feet [21]. The operation room size in this study was chosen
to be 20ft x20ft x10 ft which is the smallest a Class 3 operation room can be to meet size
standards. This size operating room was chosen in order to capture the behavior in “current”
operating room versus what is currently being built.
The actual physics models used in the simulations were influenced by research papers
involving CFD in an operation room. The model is a three-dimensional, steady state, with air
treated as an ideal gas as is standard with CFD simulations in an indoor environment with
average behavior as the interest. The solver is the RANS equations as described in the governing
equations section with the K-Epsilon turbulence solver. A segregated solver is used as the
velocity of air in this environment is less than 0.3 mach. At this speed air is incompressible so
the solver does not couple the flow and energy equations. A K-Epsilon turbulence solver was
chosen to get the benefits of the wall treatment and two-layer approach. These model decisions
match current research such done by Cho [22] and Zhao et all [11], Chow and Yang [23], and
Memarzadeh and Manning [18], looking at air curtain use in a large building enclosure and
operation room configurations.
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6.1 Star CCM+ Model
The following section covers the modelling decisions made specific to Star CCM+.
Starting first with the CAD model and layout, a representative image used for each simulation
can be seen in Figure 6 below.

Figure 6: Imported CAD Model into Star CCM+.
The dimensions of the operation room are 20x20x10 ft which is the smallest a Class 3
operation room can be to meet the standard of 400 square feet with a minimum dimension of 20ft
in width. There are several objects that are typical to an operation room. These objects include
equipment, anesthesia boom, lights, monitors, and of course the operation table, patient and
surgeons. An image of a standard operation room can be seen in Figure 7.
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Figure 7: Reference image of a standard operation room.
The objects included in the CAD model are seen below in Figure 8. The objects included
in the operation room are the surgical table, patient, three doctors, two surgical lights, two
equipment carts, the air curtain system, and exit vents.

Figure 8: Operation Room Model Layout with Labels.
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The meshing models for the simulations were set to Prism Layer Mesher, Trimmer, and
Surface Remesher as seen in Figure 9.

Figure 9: Meshing models selected.

The physics models can be seen in Figure 10. The flow is three-dimensional, steady state,
and treated as an ideal gas. It is also being treated as segregated as the velocity of air is less than
0.3 mach. A K-Epsilon turbulence solver was chosen to get the benefits of the wall treatment and
two-layer approach.

Figure 10: Physics models selected.
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The boundary conditions in the simulations are straight forward. In Figure 8 the exit
vents just above the floor were treated as pressure outlets and the air curtain and laminar diffuser
array treated as velocity inlets. Every other surface was treated as a wall. The light surface and
personal were treated with a heat flux thermal specification in order to provide heat into the
system with the values of 320 W/m2 and 116 W/m2 respectively. These values were taken from
the study done by S. Sadrizadeh, S. Holmberg and A. Tammelin [10].
The conditions for the air entering the environment were found by referencing various
standards and papers. Table 4 summarizes these settings well. The temperature that was used for
all incoming air was set at 20°C. Relative humidity was not taken into account because it would
introduce the species transport model which was decided to be out of the scope of this study. The
minimum amount of air changes was set at 25 ACH.
Table 4: Table for recommended indoor operating room conditions [2]

The engineering guidelines for the air curtain system were referenced from Nailor
Industries and Price Industries who design systems for critical environments like operation
rooms. These guidelines contained specific recommendations for air distribution ratio, eject
velocity, angle, and more. Because the variables surrounding the air curtain are being changed
for the purpose of the study the run settings will be stated by in the run matrix.
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The Star CCM+ mesh specific settings for all simulations had a base size of 1m, number
of prism layers = 20, prism layer stretching = 1.2, prism layer thickness = 2%, minimum surface
size = 3%, target size = 5.75%, and a growth rate of medium. There were also areas with
volumetric control. One box was placed extending from the ceiling outside the air curtain to the
floor with an isotropic size of 4.125%. Another area of control extended from each vent to the
one directly across from it with an isotropic size of 5.25%. These settings created the mesh for
each run. The volume mesh was around 4.09 million cells which slightly varied due to changes
in slot thickness and slot offset sizes. Figure 11 - Figure 15 show images of the surface and
volume mesh for the operation room model.

Figure 11: Zoomed out surface mesh of operation room.
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Figure 12: Zoomed in surface mesh of operation room.

Figure 13: Zoomed in image of volume mesh of operation room.
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Figure 14: Cross sectional view of volume mesh in operation room.

Figure 15: Zoomed in cross sectional view of volume mesh in operation room.
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A representative plot of the residuals for these simulations is shown below in Figure 16.

Figure 16: Representative residuals for simulations.
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6.2 Mesh Independence Study
Seven numerical simulations were carried out in order to complete a mesh independence
study in typical CFD practice. The goal of this study was to find the impact of computational
mesh size and measurable resultant behavior. The seven different mesh sizes ranged from two to
six million cells. The operation room consisted of an air curtain system, four floor exit vents, a
ceiling vent, three medical staff, a patient, and some equipment. The figures below show the
layout of the operation room with the volume mesh overlaid for the mesh size of 4.09 million
cells.

Figure 17: Volume Mesh for 4.09 Million Mesh Size
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Figure 18: Volume Mesh for 4.09 Million Mesh Size with Line Probe

The results compared across each of the seven different mesh sizes were velocity at the
floor vents, pressure on the patient, and velocity along the line probe seen above.
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Figure 19: Mesh Independence Average Velocity (m/s) of Floor Exit Vents

The figure above shows the average eject velocity for each of the four floor vents. There
is a common behavior for each of the four vents, where the average velocity fluctuates for mesh
sizes under 4 million and begins converging for mesh sizes above 4 million. The velocity for
each of vents at 4.09 million mesh size were 0.172, 0.171, 0.171, and 0.170m/s for Vents 1, 2, 3,
and 4 respectively. When each of these values were compared to the next mesh size up (4.83
million) there was a difference of 0.05% for Vent 1, 1% for Vent 2, 0.7% for Vent 3, and 1.2%
for Vent 4. The difference gets smaller for each of the four vents as mesh size increases, but so
did the computational power necessary. The results of the average velocity at the vent indicate a
mesh size of 4.09 million would be adequate as the results were within a maximum of 1.2%
difference as the mesh size increases.
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Figure 20: Mesh Independence Patient Gauge Pressure Surface Integral (Pa)

The behavior of the integral pressure on the surface of the patient is the same as the
average velocity at the vents. The pressure value fluctuates for mesh sizes under 4 million and
converges for mesh sizes above 4 million. The difference between 4.09 million mesh size and
4.83 million is 0.6 percent. The results of the pressure on patient one also indicates that a mesh
size of 4.09 million would be sufficient for simulations.

Figure 21: Mesh Independence Line Probe Average Velocity (m/s)

The placement of the line probe can be seen in Figure 18 above showing the close up of
the volume mesh. The line probe consists of 100 equally spaced data points about 6 inches above
the patient running lengthwise across them. The average velocity of the line probe behaves
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differently than the other quantitative measures, as it does not converge as mesh size increases.
The average velocity oscillates and has a large increase between 4.83 million and 6.16 million
mesh sizes. Although the results of the line probe do not indicate that 4.09 million is adequate
the other results above all converge at that size. The floor vents velocity indicate convergence for
behavior outside the air curtain and the patient 1 integral pressure indicates convergence for
behavior within the air curtain. Considering these results, a mesh size of 4.09 million cells was
chosen for the simulations in this thesis.
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7. Results
As discussed in the Research Plan section 18 simulations were conducted following the
settings shown in the table below.
Table 5: Run Matrix with Variable Values
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The results section will be divided up into sections defined by an air curtain
characteristic. A few representative simulations for each parameter that show differing
performance and air conditioning quality will be compared. One of the metrics used to filter out
some of the poor performing air curtain settings was the throw of the air curtain. Throw in this
case is defined as the region of air where air ejected from the air curtain is at 0.25m/s. The throw
of the curtain should reach the height of the operating table for proper air curtain effectiveness.
Not every simulation is covered in this section for brevity, individual analysis is included in the
Simulation Appendix.
7.1 Number and Positioning of Exit Vent
An important part of the system design is the number and positioning of exit vents in the
room. Typically, the number of low-level return grilles ranges from 2-4, each being placed on the
center of a wall, with one additional grille located near the ceiling on the backwall. This is so
there is mixture of low and high return grille locations. The values for number and position of
exit vents for the simulations was determined to be no ceiling vent or one ceiling vent. And the
number of low level or floor vents could be 2, 3, or 4. This part of the analysis will include four
examples to highlight the impact the number of vents has.
The first simulation to highlight is Simulation 1. The conditions were no ceiling vent, 2
floor vents, 25 ACH, 5-degree air curtain, 1.9” thick, and 28” slot offset. Two cross section
through the center of the room in each direction show vector fields. Two more figures show the
Isosurface at 0.25m/s.
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Figure 22: Simulation 1 Vector Field Cross Section 1

Figure 23: Simulation 1 Vector Field Cross Section 2
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Figure 24: Simulation 1 Isosurface at 0.25 m/s.

Figure 25: Simulation 1 Isosurface at 0.25 m/s Side View

Results to highlight for Run 1 are the effects of having only two floor vents. The air
maintains 0.25m/s on the sides with a vent up to the operating table, whereas the sides with no
vent begin to fan outwards more. With an exit angle of 5 degrees outward the air curtain
maintains its throw towards the table in a primarily straight downward direction. The smaller slot
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offset value around the table results in a smaller air curtain surface area, which means there is a
higher exit velocity necessary to achieve 25ACH. This combination of settings maintains the
curtain integrity.

The next simulation to highlight is Simulation 6. The conditions were no ceiling vent, 3
floor vents, 35 ACH, 15-degree air curtain, 1.9” thick, and 28” slot offset.

Figure 26: Simulation 6 Vector Field Cross Section 1

Figure 27: Simulation 6 Vector Field Cross Section 2
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Figure 28: Simulation 6 Isosurface at 0.25m/s.

Figure 29: Simulation 6 Isosurface at 0.25m/s Sideview.

It should be noted that Simulation 6 contains a lot design conditions at the extreme end of
their values. Because of the combination of the smallest offset, smallest thickness, and highest
ACH the eject velocity of the air curtains is at the highest of all simulations. The addition of a
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third floor vent has a large impact on the air curtain integrity. Comparing the behavior of the air
curtain on the sides with vents it is seen that the throw is maintained downward longer on those
sides. However, in this case with the 15-degree exit angle and high velocity the throw extends
directly toward the vents and not toward the floor as desired. With the high velocity the ideal
conditions of 0.25m/s at the table are easily met and even over perform by extending past the
table, but the extreme exit angle creates a larger air curtain envelope than desired.

Simulation 9 has the run settings of no ceiling vent, 4 floor vents, 35 ACH, 5-degree air
curtain, 2.5” thick, and 36” slot offset.

Figure 30: Simulation 9 Vector Field Cross Section 1
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Figure 31: Simulation 9 Vector Field Cross Section 2

Figure 32: Simulation 9 Isosurface at 0.25m/s.
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Figure 33: Simulation 9 Isosurface at 0.25m/s Sideview.

The addition of a fourth floor vent has a large impact on the air curtain integrity. Each
side with a vent has the air curtain throw extending down toward the floor. In this case with the
5-degree exit angle and average slot offset the curtain integrity maintained to the height of the
table as desired. This is due to the combination of 35ACH, 36” slot offset, and 2.5” thick curtain
which allows the high ACH to compensate for the larger surface area of the air curtains to
maintain 0.25m/s around the height of the table. The shape of the air curtain is maintained even
at an smaller outward exit angle of 5 degrees, although it does tend to bow inwards as seen in
Figure 30.

59

Simulation 17 has the conditions of 1 ceiling vent, 4 floor vents, 30 ACH, 5-degree air
curtain, 2.5” thick, and 28” slot offset. It is the first simulation in this section with a ceiling vent.

Figure 34: Simulation 17 Vector Field Cross Section 1

Figure 35: Simulation 17 Vector Field Cross Section 2
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Figure 36: Simulation 17 Isosurface at 0.25m/s.

Figure 37: Simulation 17 Isosurface at 0.25m/s Sideview.

The settings in Simulation 17 give good results and insight to proper parameter values.
With the small slot offset distance, 30 ACH, and 5-degree exit angle the air curtain throw can
achieve 0.25m/s at the height of the table. Due to the slot offset and exit angle interaction the air
curtain does not route towards the walls as seen in other simulations. This means the throw is
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maintained in a primarily downward direction as desired. The introduction of the ceiling vent has
the effect of pulling the air structure towards it and changing the shape to be more convex.
Although the introduction of the ceiling vent can be seen as a purely negative addition, its
purpose is to capture lighter gases present in the operation room during use.
When it comes to recommending the number of vents it is also important to highlight the
interaction between vent number and air curtain exit angle and slot offset. The combination of
these variables dictates how the shape of the air curtain structure forms around the operating
table (assuming the throw can reach the height of the table). These parameters will also be
discussed later. Figure 23 of Simulation 1 shows the behavior of sides with no floor vents. The
throw takes a more warped shape downward and recirculates along the floor and back into the
curtain which is undesired. The sides with vents generally maintain the down and out behavior
which is ideal. Simulation 6 further reinforces this analysis with the introduction of a third vent
on another wall. In this simulation each wall with a floor vent maintains an air curtain behavior
of down and outwards, even with an extreme angle of 15 degrees. The side with no vent
recirculates along the floor and back into the curtain and some points.
Based on the results of these simulations the recommended number of floor vents would
be 4. With a floor vent on each wall in the room the air curtain achieves an ideal behavior. A
floor vent on each side pulls the air curtain down towards the floor and then outwards to the vent.
This helps prevent recirculation from entering the sterile zone inside the air curtain. The
introduction of the ceiling vent is to capture lighter gases present during surgery. The ceiling
vent can have a negative impact by pulling air away from this down and out pattern and prevent
the throw from reaching the height of the table. However, improvements can be made to the air
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curtain parameters or design in the form of increased velocity or new placement of the ceiling
vent to compensate. These changes will be discussed in Section 8.
7.2 Location of Air Curtain
The linear slot diffusers that make up the air curtain system are offset from the central
diffuser array that is directly above the surgical site. This design is what creates the protective air
curtain bubble around the surgical area. The closer the slot diffusers are to the table the more
likely they are going to create turbulent flow patterns by hitting equipment or personnel.
However, the further away they are can create a larger recirculation region inside the curtain or
create too large of an air curtain footprint than is practical. It is necessary to find the balance for
slot offset to create a sterile environment. The location of the air curtain in these simulations
could be one of three values (28, 36m and 44 inches). The slot offset is the distance from the
edge of the operating table to the start of the first slot of air curtain on each respective side.
Three simulations will be discussed to highlight the impact the slot offset of the air
curtain has on performance and quality. The simulations covered in this section will be
Simulation 1, 9, and 15 which have offset distances of 28, 36, and 44 inches respectively. The
vector field cross sections will be primarily discussed for each of these simulations as they
capture the general behavior of air throughout the room. It should be noted that each of these
simulations achieved a throw of 0.25m/s around the height of the table.
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The parameters for Simulation 1 were no ceiling vent, 2 floor vents, 25 ACH, 5-degree
air curtain, 1.9” thick, and 28” slot offset.

Figure 38: Simulation 1 Vector Field Cross Section 1

Figure 39: Simulation 1 Vector Field Cross Section 2

64

Simulation 9 has the run settings of no ceiling vent, 4 floor vents, 35 ACH, 5-degree air
curtain, 2.5” thick, and 36” slot offset.

Figure 40: Simulation 9 Vector Field Cross Section 1

Figure 41: Simulation 9 Vector Field Cross Section 2
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The run settings for simulation 15 were 1 ceiling vent, 3 floor vents, 35 ACH, 5-degree
air curtain, 2.2” thick, and 44” slot offset.

Figure 42: Simulation 15 Vector Field Cross Section 1

Figure 43: Simulation 15 Vector Field Cross Section 2

Comparing the vector fields of these three simulations the influence the slot offset has on
the air curtain flow behavior can be seen. In Simulation 1 and 9 the slot offset is close enough to
the center diffuser array on the ceiling where there is not much room for recirculation above the
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table. The closer the air curtains are to the diffuser array the more downward the direction of air
will be. However, in Simulation 15 the slot offset is far enough away that the recirculation within
the curtain is larger. The footprint of the air curtain is also larger which means there is a large
distance between the backs of the surgical staff and equipment to the throw of the air curtain.
This creates a larger zone that needs to contain clean filtered air during surgery. The smaller
offsets of 28 and 36 inches still protect the surgical area without throwing higher velocity air on
the surgical staff causing discomfort. The smaller slot offset air curtains are also less influenced
by the vents around the room. With a larger gap between the curtain and the nearest vent, the
longer the curtain throw can maintain a downward direction. This is also influenced by eject
angle, but the larger slot offset behavior extends towards the wall sooner resulting in a plume
shaped curtain rather than a sealed column of air.
7.3 Air Changes Per Hour
Air curtain systems are selected in part for the control they have over the velocity of air
around the surgical table. An air curtain system allows lower velocity air coming through the
center laminar diffusers with additional air being supplied through the higher velocity perimeter
diffusers.
The eject velocity is related to the number of air changes as this variable dictates the total
amount of air supplied in each hour. If ACH goes up and no other changes are made to a given
system, the velocity of air increases. Typically, an ACH of 20-30 is used for most operation
rooms. In the case of this study the room size is 20ft x 20ft x 10ft which means 4000 ft3 of air
multiplied by the number of ACH must be supplied to the room per hour. In preliminary
simulations an ACH of 25 was necessary to achieve a throw of 0.25m/s at the height of the
operating table. For this reason, changes were made to the total number of air changes with a
baseline of 25 ACH and increased to 30 and 35 to drive the eject velocity of the system.
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The ACH parameter should also be discussed with the slot offset and slot thickness as
these three variables determine the eject velocity of the air curtain which determines how large
of a throw of the air curtain has. By increasing the slot offset and air curtain slot thickness the
surface area of the air curtain exhaust also increases. If ACH does not change while either of
these variables increase the resulting eject velocity will be lower as the same amount of air is
being supplied through a larger footprint.
The impact ACH has on the is clear to see in the following simulations. Simulations 8,
12, and 13 each have comparable air curtain surface areas due to a slot offset of 28 inches for
each and either 2.2 or 2.5-inch slot thickness. Simulation 13 had an ACH of 25, Simulation 8 an
ACH of 30, and Simulation 12 an ACH of 35. By looking at the Isosurface figures for each of
these simulations it is clear to see the impact eject velocity has on the throw of the air curtain.

Figure 44: Simulation 13 Isosurface at 0.25m/s.
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Figure 45: Simulation 13 Isosurface at 0.25m/s Sideview.

Figure 46: Simulation 8 Isosurface at 0.25m/s.
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Figure 47: Simulation 8 Isosurface at 0.25m/s Sideview.

Figure 48: Simulation 12 Isosurface at 0.25m/s.
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Figure 49: Simulation 12 Isosurface at 0.25m/s Sideview.

As the ACH increases from 25 to 30 and 30 to 35 the Isosurface which represents the
throw of the air curtain (air at 0.25m/s) reaches further towards the ground. This is the desired
behavior as proper air curtain sealing is delivered when the curtain isolates the surgical table.
This is less effective at lower eject velocities as the throw fizzles out before reaching the table,
this increases the likelihood of recirculation from the outside environment entering the sterile
zone. A balance between ACH and air curtain surface area is necessary to achieve a proper throw
distance. In these simulations this can be categorized by a combination of ACH, horizontal slot
offset, and slot thickness that achieves at least 0.439 m/s eject velocity.
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7.4 Air Curtain Angle
An important factor in determining the shape of the air curtain is the angle at which the
supply air is delivered. The typical eject angle ranges from 5-15 degrees. The reason to direct the
air outwards is so recirculating air forces can be resisted, preventing air flow from approaching
the table. However, if the angle is too large the purpose of the air curtain is defeated as the throw
of the curtain (air at 0.25m/s) can bubble around too much of the outside environment. The ideal
air curtain throw is maintained in a primarily downwards direction to seal off the surgical table
from any recirculating air. The discharge angle of the air curtain in this study was set at 5, 10, or
15 degrees outward from the surgical table.
The vector field cross sections are another good figure that shows the behavior of
changing the air curtain exit angle. Simulation 17 had the parameters of 1 ceiling vent, 4 floor
vents, 30 ACH, 5-degree air curtain, 2.5” thick, and 28” slot offset.

Figure 50: Simulation 17 Vector Field Cross Section 1
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Figure 51: Simulation 17 Vector Field Cross Section 2
Simulation 5 had no ceiling vent, 3 floor vents, 30 ACH, 10-degree air curtain, 2.5” thick,
and 44” slot offset.

Figure 52: Simulation 5 Vector Field Cross Section 1
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Figure 53: Simulation 5 Vector Field Cross Section 2

Simulation 14 had 1 ceiling vent, 3 floor vents, 30 ACH, 15-degree air curtain, 1.9” thick,
and 36” slot offset.

Figure 54: Simulation 14 Vector Field Cross Section 1
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Figure 55: Simulation 14 Vector Field Cross Section 2

Looking at the progression of an exit angle from 5 to 10 to 15 degrees from Simulations
17, 5, and 14 respectively shows the influence the eject angle has on air curtain flow. The first
simulation with an eject angle of 5 degrees shows the air curtain ejecting primarily in the
downward direction, however, the outside recirculating air also pushes the air curtain inward
with this angle. An air curtain angle of 10° in Simulation 5 shows that this angle value can resist
the outside forces better. However, in this specific simulation the angle and slot offset
combination create an undesired effect where one side ejects air in the most direct route to the
floor vent, rather than down and across. The exit angle of 15 in Simulation 14 shows this effect
in a more extreme case. The air behaves less like a column shooting air in a downward direction
and more like a plume and ejects air directly towards the floor vents. The air flow pattern does
not seal the surgical area off from the rest of the environment in these larger exit angle cases. A
smaller angle between 5 and 10 degrees would be recommended to create the desired column
shaped barrier of air rather than a bubble or plume shaped curtain.
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7.5 Slot Thickness
Linear air curtains typically come in one or two slot configurations. Two slot
configurations are used in air curtain systems to achieve a thick uniform curtain of air. Increasing
the number of slots will effectively widen the air curtain barrier as well as increasing supply air
to the system. Increasing the width of the curtain as well as the velocity provides more resistance
to the recirculating air forces from outside the curtain. In order to see the impact that air curtain
slot thickness has on the air flow patterns a baseline slot thickness of 2.2 inches was used. The
two-slot system was also adjusted to slot thickness of 1.9 inches and 2.5 inches for comparison.
Of all the parameters changed across the series of simulations, slot thickness appears to
be the least influential in impacting performance and quality. There is not a large discernable
difference between the three values, which could not be attributing more to other variables such
as ACH, air curtain angle, or slot offset. For example, look at the behavior between two similar
Simulations 1 and 13.
Simulation 1 has no ceiling vent, 2 floor vents, 25 ACH, 5-degree air curtain, 1.9” thick,
and 28” slot offset.
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Figure 56: Simulation 1 Vector Field Cross Section 1

Figure 57: Simulation 1 Vector Field Cross Section 2
Simulation 13 has 1 ceiling vent, 3 floor vents, 25 ACH, 10-degree air curtain, 2.5” thick,
and 28” slot offset.

Figure 58: Simulation 13 Vector Field Cross Section 1

77

Figure 59: Simulation 13 Vector Field Cross Section 2
These simulations share two air curtain parameters of 25 ACH and 28” slot offset but
differ in air curtain angle and slot thickness. Looking specifically at the region near the ceiling
where the air curtain ejects there is not a large difference in behavior between the change in slot
thicknesses. Both simulations are resistant to the outside environments recirculating air. The
slight difference in the shape of the throw is better attributed to exit angle rather than slot
thickness. As there is not a discernable difference between variations of slot thickness it would
be recommended to use the smallest thickness of 1.9 inches. This would allow the surface area of
the air curtain to be smaller resulting in a higher eject velocity with ACH being held constant.
Enabling a more influential parameter like eject velocity is the reasoning behind this
recommendation.

78

8. Summary Remarks
Of the eighteen simulations only seven of them achieved a throw of 0.25m/s at the height
of the table. These runs were Simulation 1, 6, 9, 12, 15, 17, and 18. However, out of these runs
only a few were able to achieve the desired air curtain sealing. Simulations 9 and 17 showed the
best results which merit further discussion into the parameters used. These two simulations
achieved both a throw at height of the table as well as proper air structure sealing the surgical
area off from the rest of the environment. These two simulations share three parameters in
common: 4 floor vents, 5-degree exit angle, and 2.5” slot thickness. Although not the same
parameter values these two simulations also share a moderate or small offset air curtain, and
middle to high values for ACH.
Based on the results of the eighteen simulations the recommended air curtain settings in
this environment would be 4 floor vents, a small exit angle, and a slot offset, thickness, and ACH
combination that provides at least 0.439 m/s of eject velocity at the air curtain. These settings as
shown in the series of simulations can achieve a throw of 0.25m/s at the height of the surgical
table and proper sealing for the critical region inside the curtain. This recommended minimum
eject velocity is in the middle of the ASHRAE recommended velocity of 0.35 to 0.55 m/s which
is used to achieve unidirectional laminar airflow. It also follows recommendations that there
should be several floor exhausts to which the air curtains will deliver downward movement to. In
this formation the air movement pattern is most effective for maintaining sterile conditions.
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8.1 Further Analysis
Additional analysis in the form of four additional simulations and discussion was also
completed to further investigate air curtain behavior in the operation room. Two of the
simulations look at the impact of increasing velocity of the air curtain on the side with a ceiling
vent. These simulations were conducted based on the parameters in Simulation 17 and
Simulation 18. These runs were chosen because they exhibited air curtain integrity (0.25m/s at
the height of the table) except for the back wall where the air curtain fanned outwards due to the
placement of the ceiling vent. The hypothesis was that increasing the velocity only on the air
curtain directly across from the ceiling vent the resulting throw of the air curtain would be able
to reach the table without fanning outward. In order to achieve this in both additional simulations
the run parameters were kept the same apart from ACH which was increased by approximately 2
ACH and introduced at the topside air curtain. For Simulation 17 it changed the eject velocity
from 0.439 m/s to 0.65 m/s and in Simulation 18 it changed the eject velocity from 0.59 m/s to
0.69 m/s. The results of these changes can be seen below.
Another hypothesis was tested to address the same problem with the ceiling vent
impacting the air curtain integrity negatively. The placement of the ceiling vent directly across
from an air curtain would pull the throw of the air curtain towards the vent preventing the air
curtain from effectively sealing the clean zone from the rest of the environment. Another
possible solution was to move the ceiling vent from across the air curtain towards a corner of the
room. This placement would place the ceiling vent and the floor vent at about the same distance
away from the air curtain. This would enable the floor vent to pull the air towards the ground for
better sealing. The results of these changes can also be seen in the following section.
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8.2 Simulation 17 with Velocity Improvement

Figure 60: Simulation 17 + Velocity Vector Field Cross Section 1

Figure 61: Simulation 17 + Velocity Vector Field Cross Section 2
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Figure 62: Simulation 17 + Velocity Isosurface at 0.25m/s.

Figure 63: Simulation 17 + Velocity Isosurface at 0.25m/s Sideview.

The improvement in this simulation was to increase the eject velocity on the air curtain
on the side with the ceiling vent. All other parameters were kept the same. By increasing the total
ACH by 2, the top air curtain eject velocity increased from 0.439 m/s to 0.65 m/s. With the small
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slot offset, 32 ACH, and 5-degree exit angle the air curtain can achieve 0.25m/s at the height of
the table. Much like the base simulation for run 17 the throw is maintained in a primarily
downward direction which is the desired behavior. The main difference is on the back wall
where the eject velocity was changed. In this improvement simulation the air curtain throw is
less warped from the placement of the ceiling vent. The Isosurface figures show that the throw
extends past the height of the table, where it previously did not. As seen in other simulations the
introduction of the ceiling vent on the back has warped the air curtain shape and left it open to
recirculation. However, these parameter settings and increased velocity overcame the negative
impact of the ceiling vent placement. The performance of the air curtain improved with the
increase in velocity on the wall with the ceiling vent.
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8.3 Simulation 18 with Velocity Improvement

Figure 64: Simulation 18 + Velocity Vector Field Cross Section 1

Figure 65: Simulation 18 + Velocity Vector Field Cross Section 2
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Figure 66: Simulation 18 + Velocity Isosurface at 0.25m/s.

Figure 67: Simulation 18 + Velocity Isosurface at 0.25m/s Sideview.

The improvement in this simulation was to increase the eject velocity on the air curtain
on the side with the ceiling vent. All other parameters were kept the same. By increasing the total
ACH by 2, the top air curtain eject velocity increased from 0.59 m/s to 0.69 m/s. With a slot
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offset of 36”, 37 ACH, and 10-degree exit angle the air curtain can achieve 0.25m/s at the height
of the table. Much like the base simulation for run 18 the throw is maintained in a primarily
downward direction apart from the back wall. The increase in eject velocity on the back wall
improved the throw on the back wall to the height of the table, however it fans out toward the
wall. This leaves an opening in the curtain where it is not sealed off from the rest of the
environment. In this improvement simulation the air curtain throw still warped from the
placement of the ceiling vent, but extends further downward. The Isosurface figures show that
the throw extends past the height of the table. With the increase the velocity the performance of
the air curtain was slightly improved by increasing the throw distance, but not enough to
overcome the bad placement of the ceiling vent.
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8.4 Simulation 17 with New Ceiling Vent Location

Figure 68: Simulation 17 + Vent Move Vector Field Cross Section 1

Figure 69: Simulation 17 + Vent Move Vector Field Cross Section 2
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Figure 70: Simulation 17 + Vent Move Isosurface at 0.25m/s.

Figure 71: Simulation 17 + Vent Move Isosurface at 0.25m/s Sideview.

The second improvement in this simulation was to the placement of ceiling vent from the
center of the wall towards a corner. All other parameters were kept the same as simulation 17.
The settings were small slot offset of 28”, 2.5” thick curtain, 30 ACH, and 5-degree exit angle, 4
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floor vents, and 1 ceiling vent. The air curtain achieved the same results of 0.25m/s at the height
of the table, however the critical region is better sealed especially at the corners of the air curtain.
The shape of the airflow does not have large gaps or fan out towards the wall as much as the base
simulation. As was the goal of this improvement simulation, the main difference is on the back
wall where the ceiling vent was moved. In this improvement simulation the air curtain throw not
influenced by the placement of the ceiling vent. The Isosurface figures show that the throw
extends to the height of the table, where it previously extended towards the wall. These
parameter settings and better placement of the ceiling vent eliminated the negative impact of the
centered ceiling vent placement.
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8.5 Simulation 18 with New Ceiling Vent Location

Figure 72: Simulation 18 + Vent Move Vector Field Cross Section 1

Figure 73: Simulation 18 + Vent Move Vector Field Cross Section 2
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Figure 74: Simulation 18 + Vent Move Isosurface at 0.25m/s.

Figure 75: Simulation 18 + Vent Move Isosurface at 0.25m/s Sideview.

The second improvement in this simulation was to the placement of ceiling vent from the
center of the wall towards a corner. All other parameters were kept the same as simulation 18.
The settings were small slot offset of 36”, 1.9” thick curtain, 37 ACH, and 10-degree exit angle,
4 floor vents, and 1 ceiling vent. The air curtain achieved the same results of 0.25m/s past the
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height of the table, however the critical region is slightly better sealed as the throw is directed
more in the downward direction. But with an eject angle of 10 degrees it is not properly sealed at
the corners of the air curtain. The behavior of the air starts to fan out towards the walls leaving
the corners exposed. The shape of the airflow does not have many gaps or fan out towards the
wall as much as the base simulation. The main difference is on the back wall where the ceiling
vent was moved. In this improvement simulation the air curtain throw is slightly improved by the
new placement of the ceiling vent. The Isosurface figures show that the throw extends past the
height of the table and extends towards the wall. These parameter settings and better placement
of the ceiling vent eliminated some of the negative impact of the centered ceiling vent placement.
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8.6 Simulation Scoring

Run 1
Run 2
Run 3
Run 4
Run 5
Run 6
Run 7
Run 8
Run 9
Run 10
Run 11
Run 12
Run 13
Run 14
Run 15
Run 16
Run 17
Run 18
Run 17 + Vel
Run 18 + Vel
Run 17 + Vent
Run 18 + Vent
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Table 6: Simulation Scoring Matrix

8
5
2
3
3
10
3
7
9
1
5
7
5
5
7
1
9
8

8
7
5
6
5
7
5
7
8
1
6
7
6
6
6
5
9
7

8
6
7
8
5
8
8
7
8
5
6
5
5
5
5
5
7
7

8
7
5
6
5
7
6
6
8
1
5
6
6
4
6
1
8
7

32
25
19
23
18
32
22
27
33
8
22
25
22
20
24
12
33
29

9
8
9
8

9
7
9
8

7
7
9
7

9
8
9
8

34
30
36
31

As a method to quantify the results a scoring system was developed to rate the
performance of each simulation based on four variables: throw distance, flow shape, uniformity,
and sealing. The runs were scored from 1 to 10 with a score of 1 being a poor performance and a
score of 10 being excellent performance. What is seen as poor and excellent performance is
specific to each variable and will be described below.
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The rating for throw distance was determined by looking at how far the throw of the air
curtain (which is defined as where air is at 0.25m/s) extends from the ceiling. If the throw
reached the height of the table on each side of the air curtain it would be considered good
behavior in this category. If it extended beyond the surgical table, it was rated as ideal or
excellent behavior.
The rating for flow shape was determined by how the overall shape of the air curtain took
form around the surgical table. If the flow of air from each side of the air curtain was routed in a
down and out pattern it was rated higher. This could also be described as a more column shaped
curtain where the throw of the curtain extends directly towards the floor. Poor flow shape looked
like a plume where the throw of the curtain would extend towards the walls before the height of
the surgical table. The overall shape would entrap excessive amount of air within the air curtain
resulting in additional regions of recirculation.
The rating for uniformity was determined by how consistent the behavior of the air
curtain was on each side of the room. If the flow structures and throw distance was similar on
each side the rating for uniformity was higher. If one or more sides of the curtain behaved
differently than the other sides, it was rated lower.
The rating for sealing was determined by looking at the throw of the curtain and flow
shape specifically at the corners of the air curtain. If the air flow had a higher velocity and
extended directly downwards it was rated higher because the corners of the curtain sealed the
region inside off from the environment. This is best achieved if adjacent air curtains merge air
flows to form a “single” stream. When there is poor sealing the air curtains act independently of
each other as a result of more extreme angles or distance to nearest exit vent.
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The highest performing simulations were Runs 1, 6, 9, 17, and 18 which were scored at
29 or higher. The improvement simulations increased the rating of Simulations 17 and 18 as a
result of changing the eject velocity on the back side of the curtain or moving the ceiling vent to
a new location. The top performing or most optimal simulation was Simulation 17 with the new
ceiling vent location. This simulation achieved a throw distance at the height of the surgical table
and a uniform air structure that ejected air in a down and outwards pattern.
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9. Limitation and Future Work
There are several limitations that should be highlighted for this paper. The first revolves
around the simplifying assumptions used in the CFD analysis. Each simulation was treated as a
steady state solution. This means there is no time dependency and as a result several higher order
terms related to time are ignored because they all go to zero. In steady state cases like this thesis
the results of the simulations are the average behavior.
As discussed in the Research Plan section the structure of the run matrix was influenced
by an L18 fractional factorial design of experiments but is not a true design of experiments.
There was not a result variable measured across each simulation as the behavior of interest in the
room is more qualitative. The results of these simulations and the rating system should be treated
as such.
Other limitations are related to the design and layout of the room. Each simulation was
conducted in a 20ft x 20ft x 10ft room with equipment and surgical staff below the center
laminar diffusers. The results this study should be interpreted in cases of similar room design and
layout.
Future work could be done involving experimental validation or even furthering the study
of air curtain performance. This could be achieved by taking the optimal parameters found in this
study and applying them to differing room design and layouts. For example, changes could be
made to the total room size or amount of equipment within the room to see how these parameters
perform with a new physical model. This would increase the scope of results and understanding
of how air curtain performance is affected by operation room design.
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10. Conclusion
An operation room is a critical environment when it comes to the safety of patients
undergoing surgery. The characteristics of airflow within an operation room are related to the
risk of a surgical site infection. Some of these important factors are temperature, velocity, and
turbulent air around an open wound which could increase the chance of bacteria or other
particles entering a vulnerable patient. As clean room standards continue to be developed it is
important that the engineering of the environment follows.
The purpose of this thesis was to explore the viability of adding air curtains around the
typical laminar diffuser array. These air curtains act as another barrier to re-circulation
happening in the environment around the surgical table. By completing several simulations
analyzing how airflow is affected with the introduction of air curtains and changing their
characteristics a recommendation for their use was developed.
The characteristics of interest were number and positioning of exit vents, location of air
curtain, air changes per hour, air curtain exhaust angle, and slot thickness. Of the eighteen
primary simulations only seven of them achieved a throw of 0.25m/s at the height of the table.
These runs were Simulation 1, 6, 9, 12, 15, 17, and 18. However, only a few of these select
simulations were able to achieve the desired air curtain sealing. The primary analysis focused on
these top performing simulations but looking at each of the eighteen different combinations of air
curtain parameters a recommendation for optimal settings was developed.
The recommended number of floor vents would be 4. With a floor vent on each wall in
the room the air curtain can better achieve the ideal column shape. A floor vent on each side
pulls the air curtain down towards the floor and then outwards to the vent. This helps prevent
recirculation from entering the sterile zone inside the air curtain. The placement of the floor
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vents in these simulations was the center of each of the four walls as far apart from each other as
possible.
The introduction of the ceiling vent is to capture lighter gases present during surgery. The
ceiling vent can have a negative impact by pulling air away from this down and out pattern and
prevent the throw from reaching the height of the table. However, improvements can be made to
parameters or design in the form of increased velocity or new placement of the ceiling vent as
seen in the improvement simulations. If a ceiling vent is used it is recommended to be placed
more towards a corner and if it cannot be moved velocity increased on the air curtain slots
directly across from it to achieve better sealing.
The recommended air curtain slot offset would be between 28 and 36 inches. The small
to average sized offset protect the surgical area without throwing higher velocity air on the
surgical staff causing discomfort. A larger slot offset air curtain creates a large distance between
the backs of the surgical staff and equipment to the throw of the air curtain, resulting in a larger
zone that needs to contain clean filtered air during surgery. The smaller offset air curtains are
also less influenced by the vents around the room. The larger the gap between the curtain and the
nearest vent, the longer the curtain throw can maintain a downward direction. This is also
influenced by eject angle, but the larger offset air curtain flow behavior extends towards the wall
sooner resulting in a plume shaped curtain rather than a sealed column of air.
The recommended ACH relates to the air curtain slot offset and thickness. As a smaller
surface area of air curtain results in a higher eject velocity when ACH is held constant. With
higher velocity air being ejected the throw of 0.25m/s is more easily achieved at the height of the
table. This is the desired behavior as proper air curtain sealing is when the curtain isolates the
surgical table. This is less effective at lower eject velocities as the throw fizzles out before
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reaching the table, this increases the likelihood of recirculation from the outside environment
entering the sterile zone. A balance between ACH and air curtain surface area is necessary to
achieve a proper throw distance. In these simulations this can be categorized by a combination of
ACH, horizontal slot offset, and slot thickness that achieves at least 0.439 m/s eject velocity.
A smaller angle between 5 and 10 degrees would be recommended to create the desired
column shaped barrier of air. Angles larger than these values are more likely to a bubble or
plume shaped curtain. In simulations with smaller air curtain angles the air was primarily in the
downward direction. A larger angle can create an undesired effect where the curtain ejects air in
the most direct route to the floor vent, rather than down and across. The air flow pattern does
effectively seal the surgical area off from the rest of the environment in these larger exit angle
cases.
The impact slot thickness has on the performance and quality is relatively low. Therefore,
the recommendation for slot thickness would be 1.9 inches in these simulations in order to create
a smaller surface area and achieve higher eject velocity. There was not a discernable difference
large enough between the slot thickness values. The difference in performance of this variable is
better attributed to other parameters such as exit angle and slot offset.
Considering these recommendations, Simulations 9 and 17 show the best results. These
two simulations achieved both a throw at height of the table as well as proper air structure
sealing the surgical area off from the rest of the environment. These two simulations share three
parameters in common: 4 floor vents, 5-degree exit angle, and 2.5” slot thickness. Although not
the same value, these two simulations also share a moderate or small offset air curtain, and
middle to high values for ACH.
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Improvements were done to simulations 17 and 18 which showed the positive influence
of either increasing the eject velocity on the wall with a ceiling vent or moving the ceiling vent
towards the corner of the room. The increase in velocity improved air curtain performance by
increasing the throw of the curtain, overcompensating for the undesired air pattern influence of a
center wall ceiling vent. The movement of the ceiling vent to the corner of the wall showed the
best results by enabling the air curtain to better seal itself off from the rest of the environment,
especially at the corners of the air curtain.
Based on the results of the eighteen simulations and improvement simulations the
recommended air curtain settings in this environment would be 4 floor vents, a small exit angle
(5- 10 degrees), and a slot offset, thickness, and ACH combination that provides at least 0.439
m/s of eject velocity at the air curtain. These settings as shown in the series of simulations can
achieve a throw of 0.25m/s at the height of the surgical table and proper sealing for the critical
region inside the curtain. If a ceiling vent is used it is recommended to be placed towards a
corner of a room in order that proper air curtain sealing can be achieved.
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11. Simulation Appendix
11.1 Simulation 1
No Ceiling Vent, 2 Floor Vents, 25 ACH, 5 Degree Air Curtain, 1.9” Thick, and 28” Slot Offset

Figure 76: Simulation 1 Vector Field Cross Section 1

Figure 77: Simulation 1 Vector Field Cross Section 2
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Figure 78: Simulation 1 Isosurface at 0.25 m/s.

Figure 79: Simulation 1 Isosurface at 0.25 m/s Side View

Results to highlight for Run 1 are the effects of having only two floor vents. The air
maintains 0.25m/s on the sides with the vents up to the operating table, whereas the sides with no
vent starts to fan outward. With an exit angle of 5 degrees outward the air curtain maintains its
throw towards the table in a primarily straight downward direction. The smaller slot offset around
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the table allows for a smaller air curtain surface area, resulting in a higher exit velocity that also
helps maintain the curtain integrity. Recommendations for air curtain integrity are that it maintains
a velocity of 0.25m/s at the height of the table. By looking at the Isosurface we can see for these
air curtain settings that this is achieved.
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11.2 Simulation 2
No Ceiling Vent, 2 Floor Vents, 30 ACH, 10 Degree Air Curtain, 2.2” Thick, and 36” Slot Offset

Figure 80: Simulation 2 Vector Field Cross Section 1

Figure 81: Simulation 2 Vector Field Cross Section 2
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Figure 82: Simulation 2 Isosurface at 0.25 m/s.

Figure 83: Simulation 2 Isosurface at 0.25m/s Sideview.

Results to highlight for Run 2 are the effects of having only two floor vents. With an exit
angle of 10 degrees outward the air curtain maintains its throw towards the table in a primarily
straight downward direction on the sides with vents. However, on the other walls the air curtain
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starts to fan out and scrapes along the wall. The 36” slot offset around the table is the
recommended spacing. With the 2.2” thick slots and 30 ACH the air curtain is able to achieve an
exit air velocity that also helps maintain the curtain integrity to just above the height of the table
as seen by the Isosurface figure. However, these design parameters would not meet the standard
of air at 0.25m/s at the height of the table.
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11.3 Simulation 3
No Ceiling Vent, 2 Floor Vents, 35 ACH, 15 Degree Air Curtain, 2.5” Thick, and 44” Slot Offset

Figure 84: Simulation 3 Vector Field Cross Section 1

Figure 85: Simulation 3 Vector Field Cross Section 2
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Figure 86: Simulation 3 Isosurface at 0.25m/s.

Run 3 is a good example of poor air curtain conditions. A lot of the physical parameters
are outside the recommended values. The Air curtain angle is extremely outwards which throws
the air curtain towards the walls defeating the purpose of the curtain. The high slot offset and
high slot thickness achieve the largest surface area of all the runs which means the velocity
coming out the air curtains is smaller to achieve the specified ACH. Even at 35 ACH which is
considered high the air curtain is only able to achieve the recommended 0.25m/s for a short
distance from where it is ejected.
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11.4 Simulation 4
No Ceiling Vent, 3 Floor Vents, 25 ACH, 5 Degree Air Curtain, 2.2” Thick, and 36” Slot Offset

Figure 87: Simulation 4 Vector Field Cross Section 1

Figure 88: Simulation 4 Vector Field Cross Section 2
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Figure 89: Simulation 4 Isosurface at 0.25m/s.

The addition of a third floor vent has a large impact on the air curtain integrity.
Comparing the behavior of the air curtain on the sides with vents it is seen that the throw is
maintained downward longer on those sides. The side without the floor vent the air curtain
scrapes fans outward sooner and recirculates along the walls. The combination of 25ACH, 36”
slot offset, and 2.2” thick curtain does not allow the curtain to maintain its target of 0.25m/s at
the height of the table. The shape of the air curtain is maintained but ideal conditions are not met.
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11.5 Simulation 5
No Ceiling Vent, 3 Floor Vents, 30 ACH, 10 Degree Air Curtain, 2.5” Thick, and 44” Slot Offset

Figure 90: Simulation 5 Vector Field Cross Section 1

Figure 91: Simulation 5 Vector Field Cross Section 2
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Figure 92: Simulation 5 Isosurface at 0.25m/s.

The addition of a third floor vent has a large impact on the air curtain integrity.
Comparing the behavior of the air curtain on the sides with vents it is seen that the throw is
maintained downward longer on those sides. However, in this case with the 10-degree exit angle
and largest slot offset the side with the floor vent extends the curtain to the wall and runs down it
to the vent. The combination of 30ACH, 44” slot offset, and 2.5” thick curtain does not allow the
curtain to maintain its target of 0.25m/s at the height of the table. The shape of the air curtain is
maintained but ideal conditions are not met.
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11.6 Simulation 6
No Ceiling Vent, 3 Floor Vents, 35 ACH, 15 Degree Air Curtain, 1.9” Thick, and 28” Slot Offset

Figure 93: Simulation 6 Vector Field Cross Section 1

Figure 94: Simulation 6 Vector Field Cross Section 2
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Figure 95: Simulation 6 Isosurface at 0.25m/s.

Figure 96: Simulation 6 Isosurface at 0.25m/s Sideview.

Simulation 6 contains a lot design conditions at the extreme end of their values. Because
of the smallest slot offset, smallest thickness, and highest ACH the eject velocity of the air
curtains is at the highest of all simulations. The addition of a third floor vent has a large impact
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on the air curtain integrity. Comparing the behavior of the air curtain on the sides with vents it is
seen that the throw is maintained downward longer on those sides. However, in this case with the
15-degree exit angle and high velocity the throw extends directly toward the vents and not
toward the floor as desired. With the high velocity the ideal conditions of 0.25m/s at the table are
easily met and even over perform by extending past the table, but the extreme exit angle leaves
large gaps at the corners of the air curtain.
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11.7 Simulation 7
No Ceiling Vent, 4 Floor Vents, 25 ACH, 10 Degree Air Curtain, 1.9” Thick, and 44” Slot Offset

Figure 97: Simulation 7 Vector Field Cross Section 1

Figure 98: Simulation 7 Vector Field Cross Section 2
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Figure 99: Simulation 7 Isosurface at 0.25m/s.

The addition of a fourth floor vent has a large impact on the air curtain integrity. Each side
with a vent has the air curtain throw extending toward the floor. However, in this case with the 10degree exit angle and largest slot offset the sides closer to the wall with the floor vent extends the
curtain to the wall making the curtain almost as large as the room. With the combination of
25ACH, 44” slot offset, and 1.9” thick curtain does not allow the curtain to maintain its target of
0.25m/s at the height of the table. The shape of the air curtain is maintained but ideal conditions
are not met.
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11.8 Simulation 8
No Ceiling Vent, 4 Floor Vents, 30 ACH, 15 Degree Air Curtain, 2.2” Thick, and 28” Slot Offset

Figure 100: Simulation 8 Vector Field Cross Section 1

Figure 101: Simulation 8 Vector Field Cross Section 2
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Figure 102: Simulation 8 Isosurface at 0.25m/s.

Figure 103: Simulation 8 Isosurface at 0.25m/s Sideview.

The addition of a fourth floor vent has a large impact on the air curtain integrity. Each
side with a vent has the air curtain throw extending toward the floor. In this case with the 15degree exit angle and smallest slot offset the curtain integrity is held up to about the height of the
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table. This is due to the combination of 30ACH, 28” slot offset, and 2.2” thick curtain which
allows the curtain to maintain its target of 0.25m/s to just above the height of the table. The
shape of the air curtain is maintained even at an extreme outward exit angle of 15 degrees.
Although the air curtain maintains its shape, desired conditions are not met.
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11.9 Simulation 9
No Ceiling Vent, 4 Floor Vents, 35 ACH, 5 Degree Air Curtain, 2.5” Thick, and 36” Slot Offset

Figure 104: Simulation 9 Vector Field Cross Section 1

Figure 105: Simulation 9 Vector Field Cross Section 2
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Figure 106: Simulation 9 Isosurface at 0.25m/s.

Figure 107: Simulation 9 Isosurface at 0.25m/s Sideview.

The addition of a fourth floor vent has a large impact on the air curtain integrity. Each
side with a vent has the air curtain throw extending toward the floor. In this case with the 5degree exit angle and average slot offset the curtain integrity is held up to the height of the table
as desired. This is due to the combination of 35ACH, 36” slot offset, and 2.5” thick curtain
which allows the large ACH to compensate for the larger surface area of the air curtains to still
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maintain 0.25m/s at the height of the table. The shape of the air curtain is maintained even at an
smaller outward exit angle of 5 degrees, although it does tend to bow inwards as seen in Figure
104. These design parameters would allow the throw of the air curtain to reach the table, but the
structure of it is open at the corners.
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11.10 Simulation 10
1 Ceiling Vent, 2 Floor Vents, 25 ACH, 15 Degree Air Curtain, 2.5” Thick, and 36” Slot Offset

Figure 108: Simulation 10 Vector Field Cross Section 1

Figure 109: Simulation 10 Vector Field Cross Section 2
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Figure 110: Simulation 10 Isosurface at 0.25m/s.

Run 10 shows poor air curtain conditions. A lot of the physical parameters are outside the
recommended values. The air curtain angle is extremely outwards which throws the air curtain
towards the walls defeating the purpose of the curtain. The average slot offset but high slot
thickness achieves a large surface area which means velocity coming out the air curtains is
smaller to achieve the specified ACH. With a low 25 ACH which is the air curtain is only able to
achieve the recommended 0.25m/s for a very short distance from where it is ejected. The
addition of the ceiling vent eliminates the effectiveness on the back-wall curtain as the slot
diffusers are routing directly to the ceiling vent instead of throwing toward the ground. These
parameters would not maintain air curtain integrity.
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11.11 Simulation 11
1 Ceiling Vent, 2 Floor Vents, 30 ACH, 5 Degree Air Curtain, 1.9” Thick, and 44” Slot Offset

Figure 111: Simulation 11 Vector Field Cross Section 1

Figure 112: Simulation 11 Vector Field Cross Section 2
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Figure 113: Simulation 11 Isosurface at 0.25m/s.

Run 11 highlights the impact of number and placement of vents. With the introduction of
a ceiling vent on a wall without a floor vent the air curtain effectiveness is ruined. The air curtain
routes directly toward the ceiling vent instead of the ground on the back wall. The air curtain
angle is only 5 degrees outwards which works for these parameters as the velocity is high enough
to throw the air curtain towards the ground, except for the back wall. Even with the large slot
offset, minimal slot thickness, and moderate 30 ACH the velocity of air coming out the air
curtains is almost adequate. With these conditions the air curtain is only able to achieve the
recommended 0.25m/s for a short distance from where it is ejected and not to the height of the
table.
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11.12 Simulation 12
1 Ceiling Vent, 2 Floor Vents, 35 ACH, 10 Degree Air Curtain, 2.2” Thick, and 28” Slot Offset

Figure 114: Simulation 12 Vector Field Cross Section 1

Figure 115: Simulation 12 Vector Field Cross Section 2
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Figure 116: Simulation 12 Isosurface at 0.25m/s.

Figure 117: Simulation 12 Isosurface at 0.25m/s Sideview.

Simulation 12 shows the detrimental effects of adding a ceiling vent on a wall with no
floor vent. The conditions are such that the slot offset is at its smallest, slot thickness at average
value, and the ACH is high at 35. This means that the velocity exiting the vents is high, this
allows the throw to extend past the table as desired. This would normally indicate good curtain
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integrity and adequate parameter settings, but the introduction of the ceiling vent routes all the
air on the back wall towards itself instead of the ground. This leaves the back wall open to air
from the environment to enter the clean air area indicating poor layout of vents. This run could
be improved with the introduction of a floor vent along the backwall or corner placement of the
ceiling vent.
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11.13 Simulation 13
1 Ceiling Vent, 3 Floor Vents, 25 ACH, 10 Degree Air Curtain, 2.5” Thick, and 28” Slot Offset

Figure 118: Simulation 13 Vector Field Cross Section 1

Figure 119: Simulation 13 Vector Field Cross Section 2
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Figure 120: Simulation 13 Isosurface at 0.25m/s.

Figure 121: Simulation 13 Isosurface at 0.25m/s Sideview.

Simulation 13 is the first simulation that shows the effects of adding a ceiling vent on a
wall with a floor vent. The conditions are such that the slot offset is at its smallest, slot thickness
at its largest value, and the ACH is low at 25. The throw from these parameters is just short of
the air curtain integrity standard of 0.25m/s air velocity at the height of the table. Simulation 12
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and Simulation 13 are good runs to compare due to the impact of introducing a ceiling vent on a
wall with a floor vent. In Simulation 12 with the absence of a floor vent on the back wall the air
routes all the air to the ceiling vent. In Simulation 13 the curtain is pulled more towards the wall,
but the throw extends below the ceiling vent. Even though integrity is improved it still leaves the
back wall open to air from the environment to enter the clean air area indicating poor layout of
vents. This run could be improved with better placement of the ceiling vent.
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11.14 Simulation 14
1 Ceiling Vent, 3 Floor Vents, 30 ACH, 15 Degree Air Curtain, 1.9” Thick, and 36” Slot Offset

Figure 122: Simulation 14 Vector Field Cross Section 1

Figure 123: Simulation 14 Vector Field Cross Section 2
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Figure 124: Simulation 14 Isosurface at 0.25m/s.

Figure 125: Simulation 14 Isosurface at 0.25m/s Sideview.

Simulation 14 is another simulation that highlights the effects of adding a ceiling vent on
a wall with a floor vent. The slot offset is at the recommended distance with the smallest slot
thickness at 1.9” and expending air out at 15 degrees for a total of 30ACH. These conditions
allow the throw of the air curtain to reach 0.25m/s just above the height of the table. However,
with the large exit angle the air curtain extends towards the vents rather than the floor, which is
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not desired. This can be seen by comparing Isosurface on the side with no vents and the sides
with no ceiling vents. The air curtain shape is warped towards floor vents. The side with a ceiling
vent has poor air curtain behavior as it is pulled to the wall just below the ceiling vent and leaves
the side open to the recirculating air in the environment. These design conditions would not
ensure proper air curtain integrity.
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11.15 Simulation 15
1 Ceiling Vent, 3 Floor Vents, 35 ACH, 5 Degree Air Curtain, 2.2” Thick, and 44” Slot Offset

Figure 126: Simulation 15 Vector Field Cross Section 1

Figure 127: Simulation 15 Vector Field Cross Section 2
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Figure 128: Simulation 15 Isosurface at 0.25m/s.

Figure 129: Simulation 15 Isosurface at 0.25m/s Sideview.

Simulation 15 highlights the impact of having a high number of ACH. Even though this
setup has a large surface area due to the large slot offset the eject velocity of the air curtains is
enough to maintain 0.25m/s by the time it reaches the table. This indicates good air curtain
integrity, however, the behavior of the back wall where the ceiling vent is introduced is not
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desired. The ceiling vent pulls the air flow toward the wall and down towards the floor vent. This
leaves the curtain open to recirculation inside curtain as well as leaving more of an opening to
the environment. Although these conditions easily meet the standard of 0.25m/s above the height
of the operating table the vent layout creates an undesired effect on the shape of the air curtain.
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11.16 Simulation 16
1 Ceiling Vent, 4 Floor Vents, 25 ACH, 15 Degree Air Curtain, 2.2” Thick, and 44” Slot Offset

Figure 130: Simulation 16 Vector Field Cross Section 1

Figure 131: Simulation 16 Vector Field Cross Section 2
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Figure 132: Simulation 16 Isosurface at 0.25m/s.

Run 16 shows poor air curtain conditions. A lot of the physical parameters are outside the
recommended values. The air curtain angle is extremely outwards which throws the air curtain
towards the walls defeating the purpose of the curtain. The large slot offset and average slot
thickness achieve a large surface area which means the velocity coming out the air curtains is
smaller to achieve the specified ACH. With only 25 ACH this is not able to achieve
recommended 0.25m/s at the height of the table. In this simulation 0.25m/s was only maintained
for a very short distance from where it is ejected from each air curtain.
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11.17 Simulation 17
1 Ceiling Vent, 4 Floor Vents, 30 ACH, 5 Degree Air Curtain, 2.5” Thick, and 28” Slot Offset

Figure 133: Simulation 17 Vector Field Cross Section 1

Figure 134: Simulation 17 Vector Field Cross Section 2
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Figure 135: Simulation 17 Isosurface at 0.25m/s.

Figure 136: Simulation 17 Isosurface at 0.25m/s Sideview.

The settings in Simulation 17 give good results and insight to proper parameter values.
With the small slot offset, 30 ACH, and 5-degree exit angle the air curtain is able to achieve
0.25m/s at the height of the table. Due to the slot offset and exit angle interaction the air curtain
does not route towards the walls as seen in other simulations. This means the throw is maintained
143

in a primarily downward direction which is the desired behavior. As seen in other simulations the
introduction of the ceiling vent on the back has warped the air curtain shape and left it open to
recirculation. However, these parameter settings overcome the some of the negative impact of
the ceiling vent placement the best. The air curtain is better sealed with these settings than other
runs but could still be improved by better ceiling vent placement.
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11.18 Simulation 18
1 Ceiling Vent, 4 Floor Vents, 35 ACH, 10 Degree Air Curtain, 1.9” Thick, and 36” Slot Offset

Figure 137: Simulation 18 Vector Field Cross Section 1

Figure 138: Simulation 18 Vector Field Cross Section 2
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Figure 139: Simulation 18 Isosurface at 0.25m/s.

Figure 140: Simulation 18 Isosurface at 0.25m/s Sideview.

Simulation 18 is another run that gives promising results and insight to proper parameter
values. With the average slot offset, 35 ACH, and 10-degree exit angle the air curtain can
achieve 0.25m/s at the height of the table. Due to the slot offset and exit angle interaction the air
curtain does not route more directly towards the vents when compared to Simulation 17.
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However, the throw is maintained in a primarily downward direction which is the desired
behavior. As seen in other simulations the introduction of the ceiling vent on the back has
warped the air curtain shape and left it open to recirculation. However, these parameter settings
overcome some of the negative impact of the ceiling vent placement. The air curtain is better
sealed with these settings than other runs but could still be improved by better ceiling vent
placement.
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