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Bibliography: p. 89 – 94.

1. Infección perioperatoria, 2. Sala de operación,

3. Material particulado, 4. Dinámica de uidos

computacional, 5. Calidad de aire. I. Favre, Federico,

et al. II. Universidad de la República, Postgraduate
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ABSTRACT

This thesis evaluates air quality in Uruguayan operating rooms, focusing

on both general air quality principles and a specic case study of a surgical

room. The work is divided into three main parts. The rst part presents

a literature review on air quality, covering key parameters such as tempera-

ture, humidity, ventilation, dierential pressure, and particulate concentration.

It also discusses national and international air quality standards, ventilation

systems (TMA and LAF), and associated maintenance practices. Addition-

ally, air quality evaluations from 41 operating rooms in Uruguayan hospitals

are analyzed using air quality reports. The results reveal a general lack of

knowledge about ventilation and dierential pressure management, specially

for TMA rooms, despite the similar risks presented by the more controlled

LAF-operated rooms. The second part focuses in the design and validation of

a computational uid dynamics code implemented in openFOAM for air qual-

ity evaluation in indoor environments. The code is validated using reference

experiments. The third part focuses on a case study involving a specic OR

with LAF ventilation. The CFD model is implemented to assess the impact

of a partial separation wall between the air supply inlet and ceiling exhaust

outlets. Three scenarios are simulated: with the separation wall installed, with

a shorter wall, and without the wall. Results indicate that the partial wall im-

proves air quality across the entire room, reducing contaminant concentration

by 10.7% and increasing ventilation eciency from 41.7% to 51.5%. Near the

patient area, contaminant levels decrease by 8.32% compared to the scenario

without the wall.

Keywords:

Surgical site infection, Operating Room, Particulate Matter,

Computational Fluid Dynamics, Air Quality.
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RESUMEN

Esta tesis evalúa la calidad del aire en salas de operación en Uruguay,

enfocándose tanto en los principios generales de calidad del aire como en un

caso de estudio espećıco. El trabajo se divide en tres partes principales. La

primera parte presenta una revisión de la literatura sobre la calidad del aire,

abarcando parámetros clave como la temperatura, la humedad, la ventilación,

la presión diferencial y la concentración de part́ıculas. También se discuten

normativas de calidad de aire a nivel nacional e internacional, sistemas de

ventilación (TMA y LAF) y las prácticas de mantenimiento asociadas. Se

analizan evaluaciones de calidad de aire en 41 salas de operación de hospitales

uruguayos utilizando informes de calidad del aire. Los resultados revelan un

desconocimiento general sobre la gestión de la ventilación, especialmente en

las salas TMA, a pesar de los riesgos similares que presentan las salas con

LAF, que están más controladas. La segunda parte se centra en el diseño y

validación de un código de dinámica de uidos computacional implementado en

OpenFOAM para la evaluación de la calidad del aire en ambientes interiores.

El código se valida mediante experimentos de referencia. La tercera parte

se enfoca en un caso de estudio que involucra una sala de operaciones con

ventilación LAF. Se implementa el modelo CFD para evaluar el impacto de

una pared de separación parcial entre la inyección y las salidas de techo. Se

simulan tres escenarios: con la pared instalada, con una pared más corta y

sin la pared. Los resultados indican que la pared parcial mejora la calidad

del aire en toda la sala, reduciendo la concentración de contaminantes en un

10.7% y aumentando la eciencia de la ventilación del 41.7% al 51.5%. Cerca

del área del paciente, los niveles de contaminantes disminuyen en un 8.32% en

comparación con el escenario sin la pared.

Palabras claves:

Infección perioperatoria, Sala de operación, Material particulado, Dinámica

de uidos computacional, Calidad de aire.
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Chapter 1

Introduction

Maintaining high air quality standards is important in Operating Room

(OR) to minimize the risk of infections and ensure a safe environment for both

patients and healthcare workers. Air quality control in these environments is

particularly important due to the vulnerability of patients during surgeries,

and the healthcare impacts of the Surgical Site Infection (SSI). This thesis

focuses on evaluating the air quality in operating rooms using Computational

Fluid Dynamics (CFD). CFD allows for the analysis of air quality without

interrupting the normal functioning of the operating room. The main objec-

tives of this work can be divided into four key points: (1) Identify the factors

that dene air quality in operating rooms. The factor identication process

includes: identication of key air quality parameters, analysis of national and

international standards, identication of ventilation systems and schemes used

in OR environments (2) Select a relevant and feasible case study to analyze

air quality using computational uid dynamics (CFD). Case study selection

should contemplate the national situation in relation to air quality inside ORs,

and the data availability for the study scenario. (3) Develop and validate a

mathematical-numerical model capable of evaluating indoor air quality param-

eters in indoor environments. (4) Simulate uid dynamics and other critical

air quality parameters for the selected case study.

The thesis is structured into three main chapters, and a brief conclusion chap-

ter, it’s contents are distributed as follows:

Chapter 2 Air quality in Uruguayan operating rooms reviews controlled air

1



parameters in hospitals, with a focus ORs. It provides an overview of various

ventilation system designs and operational practices, as well as a summary of

relevant regulations. Finally, it presents a state-of-the-art analysis of air qual-

ity control in Uruguayan ORs, guided by a set of reference questions. Also, a

case study is selected from the state-of-the-art analysis.

Descrpition and validation of the mathematical-numérical model is described

in Chapter 3 Numerical-Mathematical model and validation. The equation

solving algorithm is dened and evaluated. Model validation is carried out

comparing with two reference experiments,the Heated Cavity by Limane et

al., 2015 and the Two-Zone Chamber by Lu et al., 1996.

Chapter 4 Case study: eect of the partial wall at ceiling level. applies

the designed CFD model to an operating room where a partial separation wall

was recently installed between the ceiling-level outlet and inlet. Three scenar-

ios are simulated and compared: (1) with the partial wall, (2) with a shorter

partial wall, and (3) without the partial wall. Dierences in airow patterns

and air quality parameters are analyzed across these scenarios.

Finally, Chapter 5 Conclusions summarizes the main conclusions drawn

from this thesis.

2



Chapter 2

Air quality in operating rooms

2.1. Introduction

Primum non nocere , when applied to infection control in hospitals,

could be interpreted as: The rst requirement of a hospital is that it should

do the sick no harm, as famously stated by Nightingale, 1863. Although

the concept of bad air and infections due to poor hygiene had been ac-

knowledged since ancient times, it was not until the late 19th century that a

deeper understanding of infection mechanisms emerged, along with strategies

to mitigate them. This progress was driven by ideas from gures like Florence

Nightingale, who demonstrated the importance of proper ventilation through

statistical data showing improved hospital outcomes, and Joseph Lister, who

introduced handwashing before surgery for the rst time. Additionally, sci-

entic advancements in microbiology by researchers like Koch and Pasteur

signicantly contributed to this evolving knowledge.

During the 20th century, advancements in ltration technology, mechanical

ventilation, and Heating Ventilation and Air Conditioning (HVAC) systems,

along with a broader understanding of infections, signicantly improved air

quality in hospitals. Concurrently, the introduction of chemical disinfectants

and the development of antibiotics revolutionized infection control practices.

Despite the advances made since the 19th century, HAIs remain a signicant

global issue. According to the World Health Organization (WHO) infection

prevention and control guidelines (World Health Organization, 2022), out of

3



every 100 patients in intensive care hospitals, between 7 and 15 (depending on

the country’s level of development) acquire at least one infection during their

hospital stay. Furthermore, the emergence of multidrug-resistant bacteria has

made HAIs one of the most critical public health threats today (Barrasa-Villar

et al., 2017; Cornejo-Juárez et al., 2015). The rise in antibiotic resistance, com-

bined with recent airborne transmission outbreaks (such as SARS-CoV-19),

has underscored the importance of eective ventilation systems in hospitals.

In comparison, we dene the air quality of a given space as higher than another

(or a reference) when its conditions—temperature, humidity, particle concen-

tration, and airow—better support the activities performed in that space.

In a room where invasive surgical procedures take place, such as an OR, the

air must ensure both the comfort of the occupants and the protection of the

surgical team and patient from potential infections.

An infection that occurs at the site of a surgical incision is known as a SSI.

Most SSIs become evident within 30 days of the procedure, except for those as-

sociated with prosthetic implants, which aect deeper tissue layers (National

Collaborating Centre for Women’s and Children’s Health (UK), 2008). Ac-

cording to the WHO Global Guidelines for the Prevention of Surgical Site

Infection (World Health Organization, 2018), SSIs are the most common type

of hospital-acquired infection in low- and middle-income countries, aecting

up to one-third of patients, and the second most frequent in Europe and the

United States of America (USA). SSIs can have severe consequences for both

patients and healthcare providers.

For patients, the consequences of contracting an SSI can vary signicantly

depending on the severity of the infection and individual risk factors. An SSI

may prolong hospitalization, delay recovery, increase healthcare costs, lead to

scarring and disgurement, cause chronic pain, necessitate re-operation, result

in systemic infections, and even lead to death (National Collaborating Centre

for Women’s and Children’s Health (UK), 2008).

For healthcare providers, potential consequences include increased costs, pro-

longed patient stays, and reputational damage (Brewster et al., 2016; de

Lissovoy et al., 2009). A study by de Lissovoy et al., 2009 conducted in the
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USA found that, on average, SSIs extended hospital stays by 9.7 days and

increased costs by $ 20,842 per admission.

SSIs can be attributed to various factors, including the presence of pathogens

on the patient’s skin or surgical instruments. Airborne transmission of bac-

teria should not be underestimated; Whyte et al., 1982 found that, in the

absence of proper ventilation systems, 98% of the bacteria present in patient

wounds originate directly or indirectly (via instruments or surfaces) from air-

borne transmission.

Primarily, two types of microorganisms can become airborne in an adequately

ventilated OR: bacteria and fungi. Although viruses can also become airborne

when healthcare providers or patients cough, talk, or exhale, their presence

in the OR is related to the viral load of individuals present. While fungi can

become airborne on their own as spores, bacteria and viruses use airborne par-

ticulate matter (PM), such as respiratory droplets, skin akes, aerosols, and

dust, to spread through the air.

This Chapter reviews controlled air parameters in hospitals, with a focus on

ORs. It provides an overview of various ventilation system designs and op-

erational practices, as well as a summary of relevant regulations. Finally, it

presents a state-of-the-art analysis of air quality control in Uruguayan ORs,

guided by a set of reference questions.

2.2. Air Quality Parameters

Airborne contaminants can be generated within the room or enter from

the outside. Sources of contamination may include patient and surgical team

skin scales or akes, respiratory aerosols, and aerosols produced by surgical

procedures (Armellino, 2017). External contaminants or particulate matter

(PM) can be introduced into the OR through the ventilation system or from

adjacent areas via doors and door gaps. Factors that aect the risk of airborne

transmission inside the OR include air temperature and humidity, ventilation,

pressure dierences between the room and adjacent Areas, and ltering.
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2.2.1. Temperature

The air temperature inside the OR impacts thermal comfort, the risk of in-

fection, and airow conditions. Thermal comfort is dened as that condition

of mind which expresses satisfaction with the thermal environment (Gaever

et al., 2014). The conditions required to achieve thermal comfort dier be-

tween the patient and various members of the surgical team. For example, the

thermal comfort needs of the surgeon and the anesthetist dier due to their

varying levels of physical activity. Achieving thermal comfort is crucial for

ensuring optimal performance of the surgical team and for safeguarding the

health of both the patient and the team members.

Even though technical standards state that thermal comfort must be achieved

for everyone inside the OR, Gaever et al., 2014 has found that the recom-

mended temperatures do not guarantee thermal comfort for the entire surgical

team. Furthermore, the dierences in clothing and metabolic activity be-

tween the patient and the surgeon place them in opposing thermal conditions.

Comfort temperatures for the surgeon can be unhealthy for the patient, while

comfort temperatures for the patient can induce thermal stress on the surgeon,

potentially harming their performance (Angelova and Velichkova, 2020).

Heat sources such as the surgical light, patient, and surgical team locally heat

the air, generating currents due to buoyant forces, known as thermal plumes.

In ORs designed for laminar ow distributions (see Section 2.4), thermal

plumes can increase the risk of SSI (Liu et al., 2022). Therefore, it is impera-

tive that the air enters the room with sucient inertia so as not to be aected

by thermal plumes.

Temperatures above 24ºC tend to reduce the survival of airborne pathogens,

specically bacteria and viruses (Tang, 2009). Most airborne viruses and bac-

teria are exhaled with a layer of saliva or mucus, which evaporates at a faster

rate when the OR temperature is higher.

Generally, the temperature of the OR is determined as a compromise between

the comfort of the surgical team and the patient. Most standards and guide-

lines recommend temperatures between 20ºC and 24ºC for adult operations,
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and slightly higher for pediatric operations, due to the patient’s greater risk

of hypothermia (Balaras et al., 2007). Furthermore, some specic procedures

may require specic temperature ranges, such as the treatment of burned skin,

as stated by NHS England, 2021 and Ferguson and Martin, 1991.

2.2.2. Humidity

Humidity, generally expressed through Relative Humidity (RH), measures

the concentration of water vapor in the air. Specically, relative humidity

varies from 0% to 100%, from completely dry air to saturated air at a given

temperature. As the saturation pressure of vapor in air increases with tem-

perature, the same RH value represents higher absolute humidity in the air at

higher temperatures.

Like temperature, humidity plays an important role in the thermal comfort

of the patient and the surgical team. However, unlike temperature, the RH

values associated with the comfort of dierent actors are not contradictory.

Very low RH favors dehydration of the skin, irritation, and blood coagulation

(Balaras et al., 2007), while high RH slows down the evaporation of sweat,

impairing the body’s natural cooling process and thus increasing the thermal

sensation, which can lead to discomfort (Djamila et al., 2014).

Humidity aects the various pathogens present in the OR dierently. Tang,

2009 highlighted that high relative humidity favors the growth of bacteria and

fungi, with bacteria being the most common pathogen inside ORs. Further-

more, the aerial survival of bacteria increases with relative humidity, as the

evaporation of droplets slows down (Balaras et al., 2007). On the other hand,

the survival of airborne viruses is minimized at medium levels of humidity

(40%-70%) (Tang, 2009).

In conclusion, medium levels of relative humidity are recommended to avoid

blood coagulation, ensure skin moisturization, prevent electrical discharges,

limit the growth and survival of bacteria, and reduce thermal discomfort.

There is little disagreement in humidity range recommendations between dif-

ferent guidelines and standards, as further discussed in Section 2.3. A recom-

mended RH range of 45% to 55% is generally agreed upon.

7



2.2.3. Ventilation and particle control

Ventilation control in an OR includes several factors, such as the ltering

system, total and outdoor Air Change per Hour (ACH), pressure relationship

with adjacent areas or dierential pressure, and control over airow distribu-

tion. Furthermore, a lack of control over the amount of air supplied to the

room may result in a loss of control over the distribution of temperature and

humidity (thermal comfort). Control over the ventilation of the OR inuences

both thermal comfort and infection prevention.

The easiest way to keep the air inside the OR in good condition is to con-

stantly replace it with clean, thermally conditioned air. This can be achieved

using either outdoor air or recirculated air. Recirculated air has already been

conditioned, typically resulting in lower energy consumption, as explained by

ASHRAE, 2021 and U S Department of Health and Human Services and Cen-

ters for Disease Control, 2019. However, it is crucial that a portion of the

ACH comes from outdoor sources to sustain oxygen levels and decrease the

concentration of gaseous contaminants such as anesthetic gases, which cause

discomfort and long-term health problems for surgical teams due to continuous

exposure, as well as odors, as discussed by Memarzadeh and Manning, 2002,

Whyte et al., 1982, Balaras et al., 2007.

Contamination from the outside of the OR can be reduced through Appro-

priate lter arrangement. Filters are installed to reduce the entrance of fungal

spores and PM that may be contaminated or become contaminated inside the

room. An adequate arrangement of lters for an OR includes at least two

ltering stages (three for more intrusive interventions).

The rst ltering stage (or prelter) is carried out with a lter equivalent to

a Class F5 or higher. The prelter is responsible for retaining large particles

and is mainly placed to protect other higher-eciency lters and mechanical

equipment. Therefore, it is installed upstream of turbomachines, heat exchang-

ers, higher-eciency lters, and other conditioning equipment. In addition to

protecting the most sensitive and expensive components, Balaras et al., 2007

proposes that proper maintenance of prelters can reduce the generation of

bacteria inside the ventilation system. Since prelters are inexpensive and
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easy to replace, it is usual to replace them routinely, without the need for

testing, on a monthly or bimonthly scale.

For the second ltering stage, high-eciency lters, with above 80%-90% re-

tention (Class C) are used, such as Class F7 or F9 or equivalent lters. In

addition to the particles that pass the rst ltering stage, second-stage l-

ters should retain contaminants generated inside the ventilation system and

its components (such as the temperature controlling coils), thus second stage

lters should be installed downstream of air conditioning systems. Studies

have shown that about 99.9% of all bacteria present in hospitals are retained

in 90-95% ecient lters (Balaras et al., 2007). The high-eciency lter could

be nal for a room where low-risk procedures are performed; in such cases,

it should be installed as close to the OR as possible to avoid contamination

generation between the nal lter inlet and the OR. As high-eciency lters

retain particles, the eective area for air passage through the lter decreases,

leading to an increase in pressure drop. To mitigate the reduction in airow,

pressure drop tests are conducted approximately every six months, and the

lters are replaced when the pressure drop is deemed signicant enough to

warrant replacement.

In rooms where higher-risk interventions are carried out, second-stage lters

are followed by the terminal High-Eciency Particle Absorbing (HEPA) l-

ter. HEPA lters are installed as close as possible to the room air inlet to

retain particulate matter generated in the supply duct. Their eciency ex-

ceeds 99.97% for particles with a diameter of D = 03µm. To ensure proper

ventilation, pressure drop and integrity of HEPA lters must be tested ap-

proximately every year. Upstream ltration stages reduce the amount of PM

that reaches the HEPA lter bank, reducing its replacement rate, which is very

advantageous because HEPA lters are more expensive. Proper maintenance

of the lter bank can nearly eliminate external contamination from the venti-

lation system.

External contaminants could enter the OR from adjacent Areas through gaps

or when the door is opened. To mitigate the risk of infection via this mech-

anism, ORs normally work with positive dierential pressure. The exception

to this rule is when the patient has a contagious disease; in these cases, ORs
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should operate under negative dierential pressure conditions to prevent the

disease from spreading. Desired dierential pressures are achieved by properly

choosing the fan positions and airow supply. When installed upstream from

the room and with enough air supply, dierential pressure is positive. The

amount of air supplied and extracted from the room determines the pressure.

When the air supply exceeds the extraction, the pressure is positive; otherwise,

it is negative, given that a positive pressure dierence implies that the ow

through door gaps or similar openings moves from inside to outside, and the

opposite occurs for negative pressure..

Even when contamination from the outside is completely avoided, the risk

of airborne transmission remains due to the generation of potentially contam-

inated particles within the OR, as discussed earlier in this section. In addition

to reducing the rate of particle suspension through disinfection and surgical

clothing, ventilations systems are designed to reduce the presence of suspended

particles near the surgical team and the patient (critical zone).

There are two general approaches for contaminant concentration reduction

in the critical zone. The rst approach is based on diluting the contaminants

throughout the volume of the room, while the second approach pushes airow

away from the critical zone, sweeping the contaminants into the periphery

of the room. For either approach, the ow distribution is determined by the

geometry of the room and the volume of air displaced. The number, shape,

size, and position of air inlets and outlets are determined by the design ow

distribution. Ventilation approaches are discussed in more depth in Section

2.4.

In order to determine the number of ACH, the ventilation strategy, operat-

ing costs, thermal comfort, and pressure ratio must be taken into account.

Studies have shown that the concentration of both gaseous contaminants (Y.

Zhang et al., 2020) and Colony Forming Units (CFU) (Alsved et al., 2018;

Vonci et al., 2019) decrease as ACH increases, but higher ACH is related to

increased energy consumption and discomfort, as stated by Micko et al., 2023.

A minimum of 20 ACH is generally recommended; most studied standards

agree with this recommendation (further discussed in Section 2.3).
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2.3. Standards

Standards and guidelines regarding ventilation and air quality for health

care facilities are constantly in development around the world. Health care

center ventilation and HVAC standards aim to control air quality, which in-

cludes odors, sepsis, and comfort. ASHRAE, 2021 denes its purpose as: The

purpose of this standard is to dene ventilation system design requirements that

provide environmental control in health care facilities. Despite the universal-

ity of standard purpose and objectives, Nastase et al., 2016 found that there

is a lack of specications and uniformity in the existing standards. Table 2.1

presents the limits for temperature, dierential pressure, minimum ventilation,

and minimum outdoor air for ORs in accordance with dierent standards, such

as anesthetic gases.

Table 2.1: Recommended ranges for air quality parameters inside the OR according
to the following international standards: ASHRAE, 2021, Asociación Española de
Normalización, 2005, Asociación Española de Normalización, 2020, DIN, 2008, and
NHS England, 2021.

Standard T (ºC) RH (%) Ventilation Out. Air p (Pa)
ASHRAE 170 20-24 20-60 20 ACH 4 ACH 251

DIN 1964-08 19-26 - - 1200 m3

h
> 0

UNE 100713 A 22-26 44-55 3600 m3

h
& 20 ACH 1200 m3

h
> 0

UNE 100713 B 22-26 44-55 2400 m3

h
& 20 ACH 1200 m3

h
> 0

UNE 171340 20-26 40-60 20 ACH 20 ACH 20
HTM 03-01 18-25 35-60 22 ACH 4.4 ACH2 25

The lack of uniformity found by Nastase et al., 2016 is evident in the param-

eters of the standards, particularly in the temperature range. The temperature

ranges established by the revised standards vary from 19-26ºC (DIN) or 18-

25ºC (HTM) to 20-24ºC (ASHRAE) or 22-26ºC (UNE 100713). Intersecting

all recommended temperature ranges results in a common range of 22-24ºC;
however, this range could be narrowed when considering other standards. Since

the temperature set point within the OR is a compromise between several fac-

tors, the dierences in the temperature ranges imposed by the standards may

reect the varying emphasis placed by each regulatory body on quality of care

parameters, such as comfort, sepsis prevention, and airow distribution.

Standards for relative humidity (RH) are more consistent across dierent
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guidelines compared to temperature ranges. The RH ranges specied in the

standards fall between 20% and 60%, representing medium levels of humidity.

As discussed in Section 2.2, medium RH levels support environmental sepsis

and reduce the risk of re due to electrical discharges, among other factors. It

is important to note that RH, along with temperature, is crucial for thermal

comfort. Consequently, the variations in RH ranges among standards may be

related to the temperature ranges set by each standard.

Minimum ventilation recommendations do not vary much between standards;

those listed in Table 2.1 dene a minimum of 20 ACH (ASHRAE and UNE)

and 22 ACH (HTM). In addition to the minimum ACH requirements, the

UNE species a minimum ow rate in m³/h depending on the type of room.

Establishing minimum ow rates ensures adequate oxygen concentration and

helps dissipate odors and gaseous contaminants. Standards also specify dif-

ferential pressure relations. For instance, ASHRAE 170 and HTM 03-01 set

minimum dierential pressure values (2.5 and 25 Pa, respectively), while other

standards merely require the dierential pressure to be positive (with reversed

requirements for rooms treating infectious patients).

Standards such as ASHRAE, 2021 and NHS England, 2021 03-01 also provide

inlet velocity specications. For example, ASHRAE 170-2021 recommends an

average inlet velocity range of 25-35 cfm/ft2 (approximately 0.126-0.178 m/s).

These velocity specications are related to Vertical Laminar Airow (VLAF)

ventilation systems. VLAF ventilation cleans the room by sweeping contam-

inants from the center toward the periphery. Eective contaminant removal

requires an orderly, unidirectional airow with enough inertia to overcome ther-

mal plumes and other adverse pressure gradients. The recommended velocity

ranges are based on the study by Memarzadeh and Manning, 2002, ensuring

an eective ow pattern as detailed in Section 2.4.

Another way for standards to promote protective spaces for OR occupants

is to impose a maximum number of PCs when the OR is unoccupied (at-rest

conditions). Unlike the imposition of the ventilation system and ASHRAE

170 ow rate range, limiting the maximum PC makes the protection of the

OR independent of the ventilation system. Making the protection of the OR

independent of the ventilation system may be desirable since, although stud-
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ies carried out by Memarzadeh and Manning, 2002, T.-T. Chow and Yang,

2004, and Liu et al., 2021 show that under theoretical operating conditions

the VLAF system generates a protective environment, however, studies such

as that of Brandt et al., 2008 did not nd evidence that the presence of a

VLAF system reduces the patient’s risk of contracting an SSI.

There are dierent ways to restrict Particle Count (PC) within the OR; the

most universal way is using the ISO 14644-1 classes for clean rooms. The

standard allows the room to be classied into 9 classes, with class 1 being the

cleanest and class 9 the least clean. For each class, the ISO standard denes

a maximum cumulative concentration of particles of dierent maximumn sizes

(0.1, 0.2, 0.3, 0.5, 1, and 5 µm). The certication of the type of room is carried

out using reports of particle counts of dierent representative sizes at dier-

ent points inside the room (the amount and location of measurement points

is established by ISO), where concentrations lower than those demanded by

the class to be certied are demonstrated. In order to ensure the certied ISO

class, particle count reports must be performed recurrently.

The UNE 173140 standard is an example of OR protection using ISO classes.

Generally, the objective degree of protection (equivalent to ISO class) is deter-

mined by the severity of the procedures carried out in the room. Specically,

the UNE 173140 standard separates the procedures into 5 groups according to

the degree of risk: very risky, risky, medium, moderate, and light, for which

it denes a minimum ISO class, from ISO 5 for very risky procedure rooms

(at rest conditions), up to ISO 8 for light risk rooms. The ISO class is not

the only requirement that changes depending on the OR group; the minimum

renewals, minimum dierential pressure, and ltration system also vary.

Separating hospital zones according to the air quality requirement is common

in regulations; some examples are presented in Table 2.2. ORs are grouped in

the two most stringent categories for the evaluated standards.

Deutsches Institut für Normung (DIN) 1964-08 limits particle concentration

through a parameter called degree of protection SG (DIN, 2008). The de-

gree of protection is calculated with Equation 2.1 and measures the logarithmic

ratio of particle concentration against a reference of Cref = 353 × 106 Pm3.
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It is stated that a degree of protection equal to or greater than 4 is required

for class Ia ORs (Cp ≤ 353 × 102 Pm3), and a degree of protection equal to

or greater than 2 for class Ib ORs (Cp ≤ 353× 104 Pm3).

SG = log


Cref

Cp


(2.1)

Area classication also dictates the minimum ltering requirements for dier-

Table 2.2: Space or air classication according to international standards.

Standard Class name Description

DIN 1964-0
Class Ia ORs with LAF.
Class Ib ORs without LAF.
Class II Every room that is not an OR.

UNE 173140

1. Very risky Protected zone of ORs with LAF.
2. Risky Peryphery of ORs with LAF, ORs without

LAF.
3. Medium Eg. Protective isolation rooms.
4. Moderate Eg. Infectious isolation rooms.
5. Light Eg. Emergency Blocks.

UNE 100713
OR class A ORs for high risk surgery.
OR class B Every other OR.

HTM 03-01
Ultra clean With LAF; less than 10 cfu/m3.
Conventional Every other OR.

ent areas. OR inow is typically ltered in at least three stages, including a

HEPA/ULPA lter that achieves a particle removal eciency of over 99.97%

for particles with a diameter of 0.3 µm (the most challenging to lter). The

specics of ltering stages are discussed further in Section 2.4.

2.4. Ventilation systems

Proper design, coordination with adequate maintenance, and proper oper-

ation of ventilation systems are expected to improve air quality inside ORs.

Most OR mechanical ventilation systems use an Air Handling Unit (AHU) to

condition outdoor air and inject it into the OR. The AHU takes outdoor air

at ambient conditions and makes it suitable for supply into the room.Air

is deemed suitable for entry into the room when its parameters meet specic

criteria, ensuring that the conditions in the OR achieve the predened design

set points. Upon entering the room, the air quality parameters change with
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respect to the AHU exhaust conditions, due to particles becoming airborne

and thermal and humidity loads, as shown in Figure 2.1, therefore AHU ex-

haust conditions such as temperature and RH dier from the OR set points.

It is common for a portion of the air exhausted from the room to be reused

for energy-saving purposes, as its temperature and humidity may be closer to

the thermal or humidity design points than the outdoor air. Since the quality

parameters of the expelled air dier from the AHU’s set points, it must be

conditioned again before re-entering the room.

Figure 2.1: OR ventilation system general scheme. Sky blue air represents air with
good air quality and yellow represents air with lesser air quality.

The most basic AHU for a surgical room should, rstly, ensure the necessary

ventilation and dierential pressure, and secondly, regulate the temperature,

humidity, and degree of cleanliness required. Consequently, the unit must have

at a minimum a fan, heating and cooling coils, a humidier, and the required

lters, as shown in Figure 2.2. The fan generates ventilation and aects the

partial pressure in the room. Cooling and heating coils are used for temper-

ature regulation, with the cooling coil also capable of reducing air humidity.

The installed lter arrangement reduces the concentration of particulate mat-

ter in the airow, either before the air is injected into the room or before the

next ltering stage (terminal HEPA lter).

Sensors can be installed in the AHU to control temperature, humidity, and

ventilation. Control can be either automatic, using a building management

system, or manual, adjusted by personnel. Regardless of the control method-
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Figure 2.2: Air handling unit components.

ology, the objective is to achieve the set points for airow, temperature, and

humidity. Set points depend on the specic operation being carried out in

the room and may vary from procedure to procedure. AHU temperature and

humidity exhaust conditions dier from the OR set point due to thermal and

humidity loads inside the room, such as those caused by people or electronic

equipment.

Ventilation control is typically achieved by adjusting dampers to regulate the

amount of air entering the OR. If the air temperature is below the set point,

the heating coil is used to raise it. Conversely, if the temperature is above the

set point, the cooling coil lowers it. Humidity control is managed through a

combination of the humidier and temperature-controlling coils. If humidity

needs to be increased, the humidier adds moisture to the airow by releas-

ing dry steam. To decrease humidity, the airow is cooled, causing water to

condense and subsequently reducing humidity. After this process, the heating

coil adjusts the temperature to the desired level.

After being conditioned in the AHU, air is injected into the OR through an

inlet array. The installation location, shape, and number of inlet and exhaust

grills, as well as other room elements such as the operating lamp or table,

inuence the velocity eld inside the room. Consequently, the conguration

of inlets, outlets, and other elements may vary from room to room according

to the design ow distribution. Terminal HEPA lter banks are installed up-

stream of the inlet array in ORs with higher air quality demands. Clean and

thermally conditioned air removes particles, heat, and moisture from the OR

and is exhausted through the outlet grills.
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Even though contamination from the outside can be minimized through proper

ltering, sources of contamination exist inside the OR. Evacuating contamina-

tion generated within the room and reducing its concentration near the incision

area can help minimize the risk of SSI. Therefore, signicant attention has been

given to the velocity eld within the OR.

Ventilation congurations inside the room can be categorized into two main

types: Laminar Airow (LAF), which could be horizontal (HLAF) but is pre-

dominately vertical (VLAF), and Turbulent Mixing Airow (TMA). In VLAF

systems, airow moves from the ceiling towards the operating table, maintain-

ing parallel streamlines. Contamination is swept away by the inertial force of

the stream, from the table to the exhaust grilles positioned around the periph-

ery of the room, and sometimes in the ceiling if there is a physical separation

from the air injection. HLAF congurations are based in the same principle,

but airow is injected horizontally. TMA systems reduce contamination con-

centration near the patient and sta by diluting contaminants. The turbulent

airow in TMA systems mixes and disperses airborne particles throughout the

entire room volume, ss shown in Figure 2.3b, thereby lowering local concen-

trations near the surgical wound.

Both airow distributions have been thoroughly investigated and are consid-

ered eective at reducing contamination concentration in the OR, as stated by

Liu et al., 2021. Studies by Liu et al., 2021 and C. Wang et al., 2018b pro-

vide evidence that VLAF congurations are more eective at reducing particle

counts close to the operating table compared to TMA airow. TMA systems

are less expensive and their working conditions are less likely to be disrupted

(DIN, 2008); therefore, when higher levels of air pollution are deemed accept-

able (as discussed in subSection 2.3), TMA systems may be installed in the

OR. Other possible OR ventilation systems have been studied in recent years

such as Temperature Controlled Airow (TCAF) by Liu et al., 2021, C. Wang

et al., 2018b and Alsved et al., 2018. TCAF separates air injection in two sep-

arated arrays. Cool air ows through the central array, and warmer through

the peripheral array, as air density decreases with temperature, the peripheral

ow functions as a ceiling for the central air. The airow distribution is in

result similar to VLAF ventilation system, as shown in Figure 2.4. TCAF
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(a) VLAF streamline scheme (b) TMA streamline scheme

Figure 2.3: Airow distribution for (a) VLAF, (b) TMA systems.

Systems have been found to reduce concentration similar to VLAF systems by

C. Wang et al., 2018b Alsved et al., 2018, while reducing energy consumption.

Figure 2.4: TCAF streamline scheme

Downstream of the OR, the air is expelled from the hospital. Since the

air being expelled was previously conditioned, it is common to recirculate a

portion of it to save energy. Although it may be energetically optimal to re-

circulate all the air leaving the room, a minimum fraction of outdoor air must

always be maintained to keep oxygen concentrations at acceptable levels, evac-

uate odors and anesthetic gases, among other considerations (see Section 1.2).

In most cases where air is recirculated, a dedicated AHU must be installed

for each OR to avoid mixing pathogens. However, in special cases, such as

rooms intended for the same procedures, the same AHU can supply air (with

a recirculated air fraction) to several rooms. Another alternative for improving

energy eciency is the installation of an air pre-heater (usually a plate heat

exchanger between the injection and exhaust air).

Other ventilation system design alternatives include installing fans and l-

ters downstream of the room, which are commonly used for ORs with patients

18



who have contagious diseases. By placing the fan downstream of the room,

negative dierential pressure can be generated, which helps reduce the proba-

bility of disease transmission. Additionally, lters are installed in the air outlet

duct to minimize the risk of contagion spreading outside the hospital.

2.5. Air quality control in Uruguay

Records of surgical procedures in Uruguay date back to around 1840, dur-

ing a period known as the tiempo de los franceses, which was marked by

signicant French emigration between 1830 and 1840. By 1843, the surgical

team at the French Legion Hospital had assisted 2,363 patients in their rst

four years. In 1847, Maciel Hospital performed the rst generalized anesthe-

sia with ether in all of South America. In 1920, the Sociedad de Ciruǵıa del

Uruguay (Uruguayan society of surgeons) (SCU) was established, becoming

one of the oldest surgical societies on the continent. Prior to the SCU, there

were four surgical clinics at the National School of Medicine, operating inde-

pendently within Maciel Hospital with no scientic exchange between them.

The SCU’s goal was to promote scientic exchange among dierent surgical

teams and sta. The rst OR with LAF ventilation in South America was

inaugurated at the Banco de Prótesis in 1976.

Despite the country’s rich clinical history, national indicators of operative re-

sults were not found during this research. The indicators of the Fondo Nacional

de Recursos (national resources found) (FNR) can be used as a reference, as

shown in Table 2.3. The FNR is a public entity that nances various spe-

cialized medical procedures through Institutes of Highly Specialized Medicine,

or Institutos de Medicina Altamente Especializada (IMAE). The indicators

presented by the FNR suggest that the maximum risk corresponds to the an-

nual mortality rate for hip arthroplasty (fracture), which reached 19.5% of the

procedures evaluated between 2018 and 2021. The re-entry rate for cardiac

surgery is also relatively high at 5.78% in 2021. Additionally, the operative

mortality rates are signicant for cardiac surgeries (6.46%), percutaneous coro-

nary interventions (4.26%), and hip arthroplasty (9.01% combining fracture

and teoarthritis).

In February 2018, an agreement was signed between the Instituto de In-
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Table 2.3: FNR Indicators.

Indicator Type of procedure Nº Proc. Val. (%) Period
Re-entry cardiac surgery 1574 5.78 2021
Operative
Mortality

Knee arthroplasty
Percutaneous coronary
interventions
Cardiac surgery
Hip arthroplasty (frac-
ture)
Hip arthroplasty (os-
teoarthritis)

6552
4226

1564
3864

5360

0.17
4.26

6.46
4.1

0.19

2018-2021
2021

2021
2018-2021

2018-2021

Anual
Mortality

knee arthroplasty
Hip arthroplasty (frac-
ture)
Hip arthroplasty (os-
teoarthritis)

6552
3864

5360

1.21
19.5

1.45

2018-2021
2018-2021

2018-2021

genieŕıa Mecánica y Producción Industrial (mechanincal engineering and ins-

dustrial production institute) (IIMPI) from the Facultad de Ingenieŕıa (Engi-

neering faculty) (FING) of the Universidad de la República (UdelaR) and the

FNR. The objective of the agreement is for the IIMPI team to collaborate with

the FNR in auditing the air conditioning systems of IMAEs. The audits aim

to evaluate air quality conditions and the management and maintenance prac-

tices related to air conditioning in various ORs used by the dierent IMAEs.

The goal is to improve service quality by aligning with good practices and in-

ternational regulations, given the scarcity of enforceable national standards (as

discussed in Section 2.3). Under this agreement, audits have been conducted

at IMAEs across over twenty health centers.

From the year 2021 onwards, the evaluation methodology has been standard-

ized according to the questionnaire outlined in the FNR handbook Gambogi

et al., 2020. The updated report uses the questions form Table 2.4 as guidance

in order to Section information about air quality parameters and practices.

The inspection of an IMAE results in the generation of a report, where the

questions are answered for the relevant ORs. Although the questions are de-

signed to elicit Yes or No answers, it is common to include observations in cases

where the information is unclear or when specications are met to a certain

degree or in a manner dierent from what is recommended by the FNR, but

20



still valid according to other regulations.

Questions can be categorized into two groups. Following the order of pre-

Table 2.4: Guiding questions for evaluation of air conditioning systems of the
FNR-FNR agreement.

Number Question
1 Has an institutional manager or air management company;

contracted, registered, qualied and with suitable responsible.
2 It has a documented procedure to carry out the control of the

air system.
3 Mechanical maintenance of the facilities and the cleaning of

ducts and grilles, others, are veried.
4 The types of lters used are those required for the class of air

to be achieved according to the service
5 Standardized criteria is utilized for lter exchange according

to the lter type
6 Filter exchange dates are registered as is established by the

procedure
7 Temperature and relative humidity are monitored; require-

ments are met for the dierent areas.
8 Pressure requirements are met according to type of areas.
9 Air renovation requirements are met.
10 Particle count is measured annually and after maintenance,

reparations or in critical situations.
11 Air class requirements are met according to area type.
12 Terminal lter integrity is monitored accordingly.
13 Control equipment is calibrated

sentation, questions 1 through 6, along with questions 12 and 13, directly

evaluate administrative and system management aspects of the room. Ques-

tions 7 through 11 assess air quality and ventilation parameters. The answers

to these questions for 41 ORs—7 with VLAF ventilation systems and 34 with

TMA systems—are presented below to provide a framework for air quality in

ORs nationwide. All reports evaluated are from the initial audit of the rooms.

Figures 2.5 to 2.8 graphically represent responses regarding air quality and

ventilation parameters. In these gures, light green O.Y. stands for ob-

served yes, yellow Inc. stands for inconclusive, orange O.N. stands for

observed no, and grey N.D. stands for no data.

Despite most rooms conducting real-time measurements and meeting temper-
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ature and humidity criteria, approximately 27% do not satisfactorily answer

the question, as shown in Figure 2.5. The primary reason for the unsatis-

factory responses to question 7 is the lack of temperature and, particularly,

humidity measurement equipment. Although more ORs lack real-time mea-

surement capabilities, they do have punctual, satisfactory measurements of

temperature and humidity obtained through specic tests. Audited ORs that

record these parameters meet the recommended temperature and humidity lev-

els. Rooms lacking temperature and/or humidity sensors should incorporate

a thermo-hygrometer for real-time control of these parameters. Question 8,

Yes (73%)

Inc. (2%)

O.N. (5%)

No (20%)

Figure 2.5: Temperature and Relative Humidity monitoring and requirement sat-
isfaction

which addresses pressure requirements in the room, shows the lowest degree of

absolute satisfaction, with approximately 29% answering Yes. The distribu-

tion of answers can be visualized in Figure 2.6. In several instances, although

there is no direct control over the room’s dierential pressure, a positive dier-

ential pressure can be inferred from the dierence between the extraction and

injection ow rates. When these dierences are suciently large, the response

is marked as Observed yes.

In cases where the inferred dierence is not large enough, the answer is Incon-

clusive. An inconclusive answer is also given when there is no pressure gauge

in the room, but positive dierential pressure can be veried by observing the

direction of the air ows in the room door gap. Observed no is recorded

when the dierential pressure is measured, is positive, but does not meet the

minimum requirements of 5-10 Pa (depending on the type of room).

The answer is No when there is no pressure meter in the room and dif-

ferential pressure cannot be conrmed as positive, or when a negative pressure
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dierence relative to the adjacent rooms is registered. The lack of control over

the air pressure in the room can be concerning, as maintaining relative posi-

tive pressure to adjacent rooms reduces the amount of external contaminants,

as explained in Section 2.2. Dierential pressure decits can be addressed by

checking lters, reducing adjacent area ventilation, increasing room ventila-

tion, or xing air leakages.

Yes (29%)

O.Y. (15%)

Inc. (15%)
O.N. (5%)

No (22%)

N.D. (15%)

Figure 2.6: Pressure requirement satisfaction

Question 9 is the one with the most missing data, as shown in Figure 2.7.

The lack of real-time ventilation control is a common issue among audited

ORs, with outdated punctual measurements being another signicant reason

for the No data responses. Total ventilation recommendations are met for

51% of the audited ORs, while they are not met for 12% of them.

The availability of information and the frequency of satisfaction for the ques-

tion decrease when considering the minimum outdoor air requirements. These

requirements are separated into two conditions: minimum outdoor ACH (4

ACH), which addresses oxygen concentration, odor dissipation, and other air

cleanliness aspects, and minimum airow for anesthetic gases (1200 m3h).

Separating outdoor airow requirements into these two conditions allows for

comparison between them. The minimum outdoor airow of 1200 m3h for

anesthetic gases is proportionally less met than the 4 ACH requirement (44%

of the audited rooms meet the 4 ACH requirement, while 32% meet the 1200

m3h requirement), as presented in Figures 2.7b and 2.7c. This dierence is

expected, given that the volume of air inside the audited rooms is less than

300 m3, which corresponds to m3h = 4 ACH.
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Annual or post-maintenance particle count evaluations are not a generalized

Yes (51%)

Inc. (3%)

No (12%)

N.D. (34%)

(a) Total Ventilation

Yes (44%)

O.Y. (2%) No (17%)

N.D. (37%)

(b) Fresh air renovation

Yes (32%)

O.Y. (24%)

No (44%)

(c) Anesthesia gases requirement.

Figure 2.7: Ventilation requirements, (a) Total Ventilation, (b) Fresh air renova-
tion, (c) Anesthesia gases requirement satisfaction.

practice for OR management, as shown in Figure 2.8a. Figure 2.8b indicates

that there are no particle reports available for approximately 27% of the au-

dited ORs. Including ORs where particle counts are conducted irregularly

(commonly, only one outdated particle report for ISO certication), 42% of

the rooms lack annual particle reports. Responses labeled Observed yes re-

fer to ORs where air quality is monitored using alternative criteria, such as

microbiological controls. The Inconclusive responses correspond to rooms

where evidence from particle count reports is missing.

It is observed that particle counts are reported annually (or at least systemati-

cally) for all ORs with VLAF ventilation systems. Although the sample size of

VLAF-equipped ORs is small, a trend towards prioritizing particle counting in

these rooms is evident. VLAF systems are typically installed in rooms where

superior air quality is desired, as they are used for higher-risk operations that

warrant a higher ISO classication (between 5 and 6 for ORs). This preference
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for particle counting in VLAF-equipped rooms may reect their intended use.

However, there are also ORs with TMA ventilation systems where procedures

as invasive as those in VLAF rooms are conducted. Even though SSI risk is

lower in rooms where less invasive procedures are performed (less demanding

in terms of PC limits), reaching the appropriate air quality standard in these

rooms is equally important.

Given that the reports evaluated are based on initial audits and the subse-

quent conclusions presented to the IMAEs, it is expected that the frequency of

particle count evaluations in less demanding rooms will progressively increase.

Yes (46%)

O.Y. (7%)

Inc. (5%)

No (42%)

(a) About particle count practices

Yes (37%)

O.Y. (2%)
Inc. (2%) No (32%)

N.D. (27%)

(b) about particle count requirements.

Figure 2.8: Answer distribution for question 10 (a), about particle count practices
and question 11 (b), about particle count requirements.

Approximately 37% of the ORs meet the ISO class recommended by the

IIMPI for the procedures performed in the room. For question 11, the answer

Yes, observed indicates rooms where particle counts are evaluated at fewer

points than established by ISO. In cases where rooms with VLAF ventilation

systems reported particle counts only below the injection area, the answer is

Inconclusive due to the lack of information from the room periphery.

In general, a lack of information about air quality and ventilation parameters

is evident in a portion of audited ORs, despite the presence of institutional

managers in most cases. When separating ORs with VLAF systems from those

with TMA ventilation, it is observed that ORs with TMA systems exhibit a

higher degree of non-compliance and less information than those with VLAF

systems. Rooms with TMA ventilation have about 21% of non-satisfactory

answers (no, observed no, and inconclusive) and lack information for 19% of

25



the questions. In contrast, ORs with VLAF ventilation show about 15% non-

satisfactory answers, with missing information for only 4% of the questions.

Given that most ORs have a responsible person in charge, it is expected that,

as audits continue, the understanding of facility operations and air quality pa-

rameters will improve.

Audit result analysis reveals that several factors may be aecting air quality

in the room and, consequently, the quality of surgical services. For instance,

inadequate control over airow, room temperature, and supply temperature

can alter the velocity eld, potentially making it unsuitable for the operations

being performed. This issue may be more pronounced in rooms with LAF

(Vertical Laminar Airow) systems, as suggested by Ufat et al., 2018. Ad-

ditionally, rooms with insucient dierential pressure pose a higher risk of

outside contamination when the door is opened, as noted by Zhou et al., 2018.

Although audit reports provide information about air quality inside the room,

ow distribution is often only roughly monitored. During visits to ORs as

part of the audits, signicant deviations from theoretical congurations were

observed. For example, in some rooms, air extraction vents were partially or

completely obstructed by instrument tables or other equipment. Another issue

was found in rooms modied from their original design. Specically, in ORs

with VLAF systems designed to work with a curtain separating the center

of the room from the periphery, the curtains had been removed to facilitate

procedures and improve sta comfort. Since VLAF ventilation sweeps contam-

inants from the operating area (center) to the periphery, the absence of the

curtain allows contaminants to re-enter the working area when personnel move

around the room. Additionally, air outlets at ceiling level are now directly in

contact with the injection air, which may cause the air to ’short-circuit’ from

the injection to the ceiling outlets, thereby reducing the eective ACH (Air

Changes per Hour) and disrupting the airow distribution.

Such is the case with the OR used for burn treatment at the Centro na-

cional de Quemados (CENAQUE). This OR previously had a physical sep-

aration between the center and the periphery of the room. The separation

was removed, which likely disrupted the ventilation design and caused air to

short-circuit. After auditing this room, the IIMPI team recommended using a
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partial separation between the inlet and ceiling-level outlets, such as an acrylic

partial wall or curtain. Scenarios where the room operates with and without

the partial separation are further explored in Chapter 4, using CFD to evaluate

the impact of installing a partial wall and its length.

2.6. Conclusions

In this chapter, the mechanisms, technologies, practices, and regulations

for controlling air quality in ORs are studied. The air quality inside an OR

is considered better when it optimally supports the comfort and asepsis of its

occupants. Air quality in ORs depends on several factors. The best way to

ensure adequate air quality is through proper design, maintenance, and use of

all associated elements (room, instruments, equipment, etc.).

The main air quality parameters for an OR are identied as temperature, rel-

ative humidity, particle concentration, ventilation (total and air exchanges),

and pressure dierential.

The temperature set point inside the OR must take into account the com-

fort and sepsis of those who occupy it. As the comfort conditions of the

surgeon (which greatly inuence performance) and the patient (which aects

the probability of contracting SSIs) fall within dierent temperature ranges,

the design temperature ends up being a compromise between the two, around

22–24°C (unless the procedures require dierent temperature values, such as

for burn treatments). Relative humidity also aects thermal comfort due to

sweat evaporation and wet bulb temperature, as well as air sepsis, since many

bacteria travel in suspended liquids. It is concluded that a medium relative

humidity range (30–60%) is recommended to prevent infections due to bacteria

suspended in the air, among other factors.

To control the risk of infection within the OR, the number of suspended par-

ticles must be managed. Since bacteria cannot travel through the air on their

own, both direct and indirect airborne transmission occur through particles

(PM) acting as vehicles for bacterial spread.

The amount of air injected into the OR is crucial for maintaining cleanli-
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ness. When the lter system is adequate, the air entering the OR is almost

completely clean and is capable of dragging contaminants generated inside the

room to the outside. The required airow depends on the cleaning mechanism

employed by the ventilation system—whether it is sweeping (LAF) or diu-

sion (TMA). LAF systems, which move large masses of air to achieve sweeping

eects, generally require greater airow compared to TMA systems.

A minimum injection of outdoor air (air changes) must always be ensured to

dissipate odors, gaseous contaminants, and maintain breathable oxygen lev-

els. Ventilation also aects dierential pressure; ORs must maintain a positive

pressure dierence relative to all adjacent spaces to prevent the ingress of out-

side contaminants, unless the patient has an infectious disease.

OR ventilation systems can be categorized into two main groups: conventional,

diusive ow systems (TMA) and sweep systems (LAF). Studies have shown

that LAF systems are more eective at creating a protective area within the

OR, making them the preferred choice for ORs performing higher-risk proce-

dures. In contrast, TMA systems are less complex to operate and require less

ventilation, making them suitable for ORs where a lower level of air cleaning

is adequate.

AHUs are responsible for supplying airow with adequate temperature, rel-

ative humidity, and particle concentration. Each AHU should include at least

two stages of ltration: a pre-lter and a high-eciency lter, which typically

removes about 90-95% of particulates, as well as temperature and RH control-

ling systems, such as heating and cooling coils. When additional ltration is

required beyond what the AHU provides, air should be injected into the room

through a terminal HEPA lter to ensure higher air quality.

At national level, there are no specic regulations for the operation and mainte-

nance of ORs. Recently, organizations such as the FNR have begun monitoring

air quality in rooms used by associated IMAEs. Analysis of reports generated

by the IIMPI team for 41 rooms used by IMAEs reveals that key air quality

parameters such as total ACH, outdoor ACH, temperature, humidity, and dif-

ferential pressures are not commonly known by ventilation system supervisors.

As interactions between the IMAEs, the FNR, and the room managers con-
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tinue, it is anticipated that information on these air quality parameters will

become more widely available.

On the other hand, while the reports used to analyze air quality control pro-

vides a general overview, it may not capture specic nuances of each room. For

instance, in a room dedicated to burn patients, a total separation previously

existed between the center and the periphery of the room. The removal of

this separation may have caused air to short-circuit, diminishing the sweeping

eect of the VLAF system. Installing a partial separation between the inlet

and ceiling-level outlets could potentially improve airow conditions without

disrupting OR practices. This scenario is further explored using CFD in the

following chapters. Chapter 3 develops and evaluates a mathematical and

numerical model for contaminant transport, while Chapter 4 uses this model

to assess the impact of the partial separation, comparing it with a scenario

lacking such separation.
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Chapter 3

Numerical-Mathematical model

and validation

3.1. Introduction

Chapter 2 provides a bibliographic analysis of air quality and thermal com-

fort parameters, ventilation systems for ORs, and international standards,

along with a survey on the management of ORs in Uruguayan hospitals. So

far, air quality and ventilation inside ORs have been evaluated broadly, con-

sidering aspects such as management, ventilation, and maintenance, using the

questionnaire in Table 2.4 as a reference. However, certain situations or as-

pects of air quality control are not covered by the questionnaire.

To evaluate specic situations or measure the impact of air quality improve-

ment suggestions in ORs, two primary tools are generally used. The rst tool

involves direct corroboration through measurements. While this approach can

directly conrm the eectiveness of various measures, its disadvantage is that

it often requires halting the operation of the room, which conicts with the

emergency nature of the service, making it dicult to justify. Some param-

eters, such as temperature, humidity, pressure dierential, and airow, can

be measured at specic points in real time while the room is in operation.

However, additional measurements are typically only justied during sched-

uled maintenance.

The second method for evaluating specic air quality situations or modi-
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cations inside the OR is through modeling physical phenomena using mathe-

matical equations. The complexity of the model depends on the desired level

of precision, but generally, it includes uid dynamics, including turbulence,

which is modeled as non-linear and chaotic. Consequently, the most common

way to solve the resulting mathematical systems involves numerical solutions,

which are typically solved using computers. Airow inside the OR can be

modeled using CFD without interrupting OR operations.

When dealing with CFD, turbulence modeling is one of the main challenges.

There are three primary approaches to turbulence modeling: Direct Numerical

Simulation (DNS), which simulates both large and small vortices; Large Eddy

Simulation (LES), which simulates larger vortices and models smaller ones; and

Reynolds-Averaged Navier-Stokes (RANS, or URANS when unsteady), which

models turbulence as turbulent diusion. For ORs, k− ε RANS simulations

are widely used (Memarzadeh and Manning, 2002, Z. Zhang and Chen, 2006,

T. T. Chow and Wang, 2012, Cho, 2019, Balocco and Petrone, 2015, Yang

et al., 2015, Liu et al., 2022, among others) and have produced satisfactory

results, oering lower computational costs compared to DNS and LES models.

This work focuses on representing air quality by examining the concentration

of airborne contaminants and ventilation quality. The presence of suspended

solids (such as airborne contaminants) in the air can inuence both air veloc-

ity and turbulence elds due to the principle of action and reaction. However,

given the minimal number and small size of these particles, their impact on

air dynamics is considered negligible.

Particle concentration is mainly modeled in two ways, using the Euler-Euler

model, or the Euler-Lagrange model. The Euler-Euler or passive scalar model

treats the concentration of particles as a scalar eld, while the Euler-Lagrange

or Lagrange transport model studies the trajectories of the particles individu-

ally through motion laws. The selection of the particle transport model to use

depends on the Stokes number Stk calculated as shown in Equation 3.1, where

the p subindex indicates particle property, u0 is a reference speed magnitude

and d the diameter, ρ is the density and µ the dinamic viscosity of the medium.

Stk =
ρpdpu0

18µ
(3.1)
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For low Stokes numbers, the Euler-Euler model can be used with greater pre-

cision, while for high values of Stk, the Euler-Lagrange model oers better ac-

curacy. As explained in Chapter 2, during an operation, the majority of BCPs

consist of skin akes or originate from the respiratory tract; these particles

are typically represented as particulate matter between 1− 10µm. Figure 3.1

presents a model-selection diagram for airborne particle motion (Schillaci et al.,

2022). According to Figure 3.1, the appropriate particle transport modeling

method for OR BCPs remains unclear.

Figure 3.1: Particle motion model-selection diagram.

Most OR BCP simulations use Lagrangian transport modeling, as it has

shown better results than the passive scalar approach (Memarzadeh and Man-

ning, 2002; C. Wang et al., 2018a; F. Wang et al., 2021; Zhou et al., 2018,

as examples). However, the computational cost of the Lagrangian transport

model is higher than that of the passive-scalar approach, as a higher degree

of post-processing is required to obtain concentration elds. An alternative

approach, suggested by Chen et al., 2006 and adopted in this work, involves

modifying the passive-scalar model to include the particle settling speed for

the convective term (see Section 3.2).

Furthermore, room ventilation is evaluated through it’s Air age (or age of

air) τ . The age of air quanties how much time has the air at certain point

and time spent inside the operating room. This metric can be used to identify

stagnation areas, evaluate the freshness of air exiting through dierent room

outlets, and compare these conditions with reference scenarios.

32



The simulations are implemented in OpenFOAM software, which stands

for Open Field Operation And Manipulation. OpenFOAM uses nite volume

methods to solve partial dierential equations, including non-linear equations

such as the Navier-Stokes equations.

From this point onward, the study focuses on evaluating the eect of sugges-

tions on BCP concentration. The case study is further discussed in Chapter

4. Chapter 3 describes and validates the mathematical model and numerical

implementation, which are applied to the case study in Chapter 4.

3.2. Mathematical model

The scalar transport equation (Equation 3.2) is used to calculate the ve-

locity eld, temperatures, air age, turbulence kinetic energy, and turbulence

dissipation rate. The parameters ϕ, Γϕ, and Sϕ take values from Table 3.1

depending on the equation, ρ is the air density, and v⃗ = (u,v,w) is the average

velocity eld. The Navier-Stokes equations are derived by projecting the scalar

transport equation with ϕ = v⃗ in each primary direction (i,j,k).

∂ϕ

∂t
+∇(v⃗ϕ) = ∇(Γϕ∇ϕ) + Sϕ (3.2)

Table 3.1: Scalar transport equation parameters.

Equation ϕ Γϕ Sϕ

Mass Conservation ρ 0 0

Momentum v⃗ ν + νt − 1
ρ
∇p+ F⃗

Energy T α + νtPrt g0ρcp
Air Age τ ν + νtστ 1
Turb. Kinetic Energy k ν + νtσk G− 2

3
∇ · (v⃗k)− ε

Turb. Dissipation Rate ϵ ν + νtσε C1


ε
k
G− 2

3
∇ · (v⃗ε)


− C2

ε2

k

Where ν is the cinematic viscosity of the uid, νt is the turbulent cinematic

viscosity, p is the pressure eld, F⃗ is the volume forces, α is the thermal heat

diusion coecient, cp is the heat coecient of air at constant pressure, g0

is the volumetric heat generation, Prt, στ , σk and σϵ are correction factors
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(Prt = 085, στ = 10, σk = 10, σε = 13), G is the turbulent kinetic en-

ergy production rate due to the anisotropic part of the Reynolds-stress tensor,

C1 = 144, C2 = 192.

Air inside the OR is modeled as incompressible, as the overall cooling load

is relatively low (T. T. Chow and Wang, 2012). Buoyancy forces are ac-

counted for using the Boussinesq approximation (Equation 3.3), where T0 is

the reference temperature (T0 = 29315 K), ρ0 is the air density at T0, pd

is the dinamic pressure, z is the vertical location component, β is the volu-

metric thermal expansion coecient (β = 1T0), and g⃗ is the gravitational

acceleration (g⃗ = −981k ms2).

−1

ρ
∇p+ F⃗ = −1

ρ
∇(pd − ρ0g⃗z) + F⃗ ≈ −1

ρ
∇pd + β(T − T0)g⃗ (3.3)

Reynolds Averaged Navier-Stokes (RANS) k− ε turbulence models are widely

used and have shown accurate results in OR simulations, as discussed in Section

3.1. Turbulence is modeled through the turbulent kinetic energy (k) and the

turbulence dissipation rate (ε). The standard k−ε model is implemented, and

the corresponding equations can be derived from Table 3.1 and Equation 3.2.

The eects of turbulence are incorporated into the Navier-Stokes equations

through the turbulent viscosity νt, as dened in Equation 3.4, where Cµ = 009.

For other variables, such as temperature and air age, the turbulent diusion

coecients are calculated using turbulent Prandtl numbers, as indicated in

Table 3.1.

νt = Cµ
k2

ε
(3.4)

As particle forces’ eect on airow is neglected, the air velocity eld can be cal-

culated independently from particle motion. Particle transport is modeled us-

ing an Euler-Euler approach based on an alternative implementation by Chen

et al., 2006, T. T. Chow and Wang, 2012 and Balocco and Petrone, 2015,

which modies the scalar transport equation by changing the advective trans-

port term to include the deposition velocity of the particles. This approach

is known as the modied drift-ux model (Equation 3.5), where v⃗s represents

the settling speed of the particles, C is the particle concentration, Db is the

Brownian diusion coecient, and ϵp is the turbulent diusion coecient of

the particles, εp = νtSct, with Sc as the turbulent Schmidt number. This

34



method aims to reduce computational cost while accounting for the particle

size eect on particle distributions.

∂C

∂t
+∇ ((v⃗ + v⃗s)C) = ∇ ((Db + εp)∇C) + SC (3.5)

To estimate the settling speed, particles are modeled as perfect spheres. By

developing the Navier-Stokes equation for a sphere falling under the eects of

a gravitational eld, Equation 3.6 is obtained. In this equation, Cc represents

the Cunningham correction coecient, calculated using Equation 3.7 (Davies,

1945), where λ is the mean free path.

v⃗s =
Ccρpd

2
p

18µ
g⃗ (3.6)

Cc = 1 +
2λ

dp
(1257 + 04e−0.55

dp
λ ) (3.7)

For this simulation, the mean free path was calculated using the ideal gas

approximation. The settling speed depends quadratically on the particle di-

ameter, which means that the solution of Equation 3.2 diverges from the scalar

transport solution as the size of the modeled particles increases.

3.3. Numerical Implementation

Approximated solutions for Equation 3.2 and Equation 3.5 can be obtained

from computational simulations. The software used for the simulations in this

work is OpenFOAM v2306 (OpenFOAM, n.d.). OpenFOAM (Open Field

Operation And Manipulation) is a free-access CFD software based on the nite

volume method for approximating systems of partial dierential equations.

This method discretizes the equations, space, and time of the problem. The

space where the equations are to be solved is discretized into computational

meshes, generating contiguous non-overlapping elements that completely ll

the domain (cells). Dependent variables and properties (such as temperature)

are primarily stored in the cell centroid but can also be stored in cell faces and

vertices. Time is broken into a set of timesteps ∆t, which can vary depending

on the Courant number (Greenshields and Weller, 2022). The integral form of
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the scalar transport Equation 3.8 is then solved for each cell.

∂

∂t



D

ρϕdV

  
Accumulation term

+



∂D

ρϕv⃗n⃗dS

  
Advective term

=



∂D

Γϕ∇ϕn⃗dS

  
Diusive term

+



D

S ϕdV

  
Source term

(3.8)

3.3.1. Equation discretization

When discretized and linearized, the equations adopt the form shown in

Equation 3.9.

AΦ = b (3.9)

Where A is a coecient matrix, Φ= (Φ1, ,Φn) is the dependent variable

for every cell centroid (Φi corresponds to cell i), and b is the independent

term. Every term can provide an explicit and implicit component. Explicit

components are independent of the variable Φ and are therefore added to the

independent term b, such as known source terms, boundary conditions, or Φ-

dependent terms calculated for a previous timestep.

The diusive term is linearly approximated as shown in Equation 3.10 where

the f subindex represents that the magnitude is evaluated at a face f of a

given cell, S is the surface area of the face and ∂ϕ
∂n

is the projection of the gra-

dient in the normal direction n⃗, which is calculated through rst grade linear

approximation for internal faces.



∂D

Γϕ∇ϕn⃗dS ≈


f

ΓϕSf
∂ϕ

∂n


f

(3.10)

The approximation is presented at Equation 3.11, where the subindexes i and

j indicate the cells separated by the face f , dij is the distance between the

cells (uncorrected linear Laplacian scheme).

∂ϕ

∂n

 ≈
Φj − Φi

dij
(3.11)

Using this scheme, the diusive term adds coecients to the matrix A,

aij = −ΓϕSfdij for the neighbouring cells and aii = ΓϕSfdii for the cen-

tral cell.

Source term modeling varies from equation to equation. Outside the tur-
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bulence quantities, source term contribution is explicit only, as air age and

particle count sources are xed, heat generation is zero, buoyancy force, and

pressure gradient are calculated considering temperature and pressure elds as

input data for the momentum equation. The source term is therefore approx-

imated using Equation 3.12, where Vi is the volume of the i cell and Sϕi is the

source term evaluated at the center of the cell. This kind of source term adds

an explicit term bi = ViSϕi.



D

SϕdV ≈ ViSϕi (3.12)

Both turbulent kinetic energy and dissipation rate equations contain advective

terms, which are modeled implicitly. Furthermore, the turbulence dissipation

rate equation includes linearly ε-dependent terms, which are evaluated directly

at the cell center and modeled implicitly as aii = Viρ

C1

εiGi

ki
− C2

ε2i
ki


.

The convective term for momentum and particle count equations requires

special consideration. For the momentum equation, the convective term is

non-linear. To avoid non-linear equations, OpenFOAM creates the ux eld

Ψ, stored at cell faces. This ux eld is calculated from the velocity eld at

the previous time or iteration step, as shown in Equation 3.13.



∂D

ρϕv⃗n⃗dS ≈ ρ


f

(Sf V⃗ n⃗)Φf = ρ


f

ΨfΦf (3.13)

Upwind schemes are implemented to approximate Φf . Figure 3.2 presents the

concept of how the upwind scheme works. If v⃗ ·n⃗ > 0, then Φf = Φc; otherwise,

Φf = Φn, where Φc = Φi and Φn is evaluated at the center of neighboring cells

Φj (for non-boundary faces). Equation 3.14 displays the contribution of the

convective term to the implicit matrix A.





aii = ρ


f Ψf , ∀f(v⃗f n⃗f ) > 0

aii = 0, ∀f(v⃗f n⃗f ) ≤ 0

aij = ρ


f Ψf , ∀f(v⃗f n⃗f ) < 0

aij = 0, ∀f(v⃗f n⃗f ) ≥ 0

(3.14)

The modied drift-ux model incorporates the particle settling speed into the

velocity eld, thereby altering the advective term in the particle concentration
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Figure 3.2: Upwind schema.

equation. An additional settling ux eld was created for the numerical simu-

lation. Equation 3.15 is employed to approximate the convective term for the

particle concentration equation.



D

∇(v⃗ + v⃗s)CdV =



∂D

Cv⃗n⃗dS

  
Velocity ux

+



∂D

Cv⃗sn⃗dS

  
Settling ux

≈


f

(Ψf +Ψsf )Cf (3.15)

Given that Ψs depends on particle and uid properties, it can be calculated

and added as a contributor to the implicit matrix A. Using the upwind ap-

proximation, Ψsf is incorporated into Ψf in Equation 3.14.

The Euler scheme is implemented to approximate the accumulation term

(Equation 3.16), where the superscript p represents the current time step, and

p− 1 indicates the previous time step. This scheme adds a coecient aii =
ρVi

∆t

to the implicit matrix A and an explicit term bi = −ViρΦ
p−1
i

∆t
. The time step

∆t is limited by continuously monitoring the maximum Courant number to

ensure solution stability.



D

ρ
∂ϕ

∂t
dV ≈ Viρ

Φp − Φp−1

∆t
(3.16)

Up until this point, the approximation criteria (such as the upwind scheme for

advective terms) have been introduced for inner cells. Cells where one or more

of their faces coincide with the domain boundary are classied as boundary

cells. Field or gradient values at boundary faces are set through boundary

conditions. Two types of boundary conditions are present for the simulations
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in this work: Neumann boundary conditions (gradient boundary conditions)

and Dirichlet boundary conditions (eld boundary conditions). Whenever a

gradient or eld value is known due to a boundary condition, instead of adding

the corresponding entry to the implicit matrix, an explicit term is obtained.

3.3.2. Implemented Algorithms

The simulation process is divided into two stages. The rst stage results in

the velocity eld. During this stage, the temperature, velocity, pressure, and

turbulence elds are solved using the buoyantBoussinesqPimpleFoam solver.

In the second stage, the particle concentration and air age elds are calculated

using the velocity eld and turbulence diusivity as input data, employing

a custom solver. Velocity and particle concentration are calculated indepen-

dently, as the inuence of the particle-air interaction is assumed to be negligible

for air motion.

Two algorithms are implemented in the simulation, each associated with the

dierent stages. The PIMPLE algorithm, represented in Figure 3.3, is used in

the rst stage for solving the equation system, resulting in the temperature,

pressure, momentum, and turbulence elds. For every timestep, the PIMPLE

algorithm starts by solving the energy equation for T . The momentum equa-

tion is then used to obtain an approximation for the velocity eld v⃗, using the

last pressure eld calculated. Inside the PIMPLE loop, the Pressure-Implicit

with Splitting of Operators (PISO) loop starts by solving the mass conserva-

tion equation (derived into the pressure equation), updating the pressure eld

p. Both the velocity eld v⃗ and the ux at each face are then coupled with the

pressure eld using a momentum corrector H(v⃗), as dened in Equation 3.17.

The momentum corrector is then used to update the velocity eld by substitut-

ing Equation 3.17 into the momentum version of Equation 3.2 (Navier-Stokes),

obtaining the pressure-velocity coupling in Equation 3.18 Greenshields and

Weller, 2022.

Auv⃗ −H(v⃗) ≡ ∂v⃗

∂t
+∇(v⃗v⃗)−∇(ν∇v⃗)− β(T − T0)g⃗ (3.17)

Auv⃗ −H(v⃗) = −∇p (3.18)
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Figure 3.3: First stage algorithm (PIMPLE ) logic.

The PISO loop restarts at this point, iterating until the convergence criteria

are met. Afterwards, the turbulence kinetic energy k and dissipation rate ε

are calculated, updating the turbulent viscosity νt, thus closing the PIMPLE

loop. The loop then restarts with the updated values of Ψf , p, T , k, ε, νt, and

v⃗, and continues until the convergence criteria are satised. Once convergence

is achieved for a given timestep, the simulation advances to the next timestep,

provided that the current time value is still smaller than the specied time

limit.

The energy, momentum, and pressure equations are under-relaxed, which

means that the amount of change in each variable is limited at every iteration

step. This technique helps maintaining stability for higher Courant numbers

by ensuring the diagonal dominance of the implicit matrix A, thus preventing

divergence during the simulation process.

The rst stage focuses on converging the velocity eld, which ultimately in-

uences the contamination concentration and air age elds, used to measure

air quality in this work. Once the velocity eld and turbulent diusion coe-

cients have converged, a secondary solver with its own algorithm is applied to

calculate air quality parameters. This secondary solver only solves for contam-
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ination concentration and air age, without updating the velocity, momentum,

turbulence, or temperature for a given time step. Since no coupling is required,

the algorithm does not need iterations. Its logic is illustrated in Figure 3.4.

The two-stage approach—determining the velocity eld and air quality param-

eters separately—can be consistently implemented because transient situations

are not the focus of this work.

START t = tstart

Solve air age and contamination
concentration equations

WHILE t < tend

t = t +

ENDWHILE

Figure 3.4: Second stage algorithm logic.

It is important to clarify that within the OR, personnel movements, door

openings, and other events disrupt the airow balance. However, the eect of

these dynamic events is beyond the scope of this work.

3.4. Validation

Air quality parameter elds, such as BCP concentration and air-age, are

the result of a two-stage simulation (as explained in Section 3.3). The rst

stage, or momentum stage, approximates the momentum, temperature, and

turbulence elds until a stationary regime is reached. The second stage, or

contamination stage, uses the turbulent diusion coecient and stationary

average velocity eld to approximate the particle concentration and air age

elds. Both simulation stages employ dierent solvers and algorithms, which

require validation.

To validate the mathematical model and numerical implementation, the heated

cavity experiment by Limane et al., 2015 and the two-zone chamber particle
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transport experiment by Lu et al., 1996 are simulated. The heated cavity

experiment specically serves to validate the momentum solver. In this exper-

iment, a prismatic rectangular cavity is uniformly heated from the oor, while

airow is injected near the ceiling level and extracted from the opposite side

at oor level, as illustrated in Figure 3.5. This experiment was chosen due to

the signicant velocity gradients and buoyancy forces present.

The comparison with the two-zone chamber experiment further validates the

momentum solver and provides validation for the second contamination solver.

Initially, a contaminant is uniformly distributed in the rst zone of the cham-

ber. Airow is then forced from zone one to the outside of the chamber through

the second zone for 26 minutes. Contaminant concentration is measured at

one-minute intervals for both zones, allowing for comparison with the simula-

tion results.

This Section presents the simulation parameters of each of the validation ex-

periments, as well as the main results, and a brief analysis of parameters.

3.4.1. Heated cavity

The heated cavity test is selected to evaluate the accuracy of the nu-

merical implementation in predicting velocity elds with temperature gradi-

ents. The cavity scheme is presented in Figure 3.5. The velocity prole at

(y = W2, x = 2H) was recorded by Limane et al., 2015, and a comparison be-

tween the reference measurements and the simulation results is used to validate

the momentum equation. A 2D regular mesh is employed to reduce computa-

tional cost, as the reference measurements are located away from the front and

back of the cavity. The inlet boundary conditions are set to a uniform speed of

v⃗ = (152 , 0 , 0) at a uniform temperature of Ti = 29515K, with a turbulence

intensity of I = 5%. A xed temperature gradient of ∇T = 20230K/m is im-

posed on the bottom surface to represent the constant heat ux q′′ = 563W/m2

(given the air conductivity κ = 00278W/mK). The right, top, and left walls

are set to ∇T = 0 and ∇k = 0. Epsilon wall functions are implemented to

model the ε boundary conditions. The outlet is set to a uniform pressure of

0, with zero gradients for k, T , ε, and v⃗. After conducting simulation exper-

iments, the nal simulation time was set to 10 seconds, with a write interval
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Figure 3.5: Heated cavity descriptive schema.

of 0.01, and the time step was adjusted to maintain stability.

A mesh convergence test is conducted using the temperature at y = 025H

and the velocity at x = 2H as indicators. Three meshes are evaluated: coarse,

ne, and ner. The principal characteristics of these meshes are presented in

Table 3.2, where the href value is used to calculate the number of divisions in

each direction. The ne and ner meshes are graded, reducing the distance

Table 3.2: Heated cavity meshes.

Mesh #Cells Type Grading href

Coarse 12464 Structured No 2.50
Fine 19570 Structured Yes 2.00
Finer 50020 Structured Yes 1.25

between each cell centroid and the wall distance in both the y and x direc-

tions, as shown in Figure 3.6. Grading was implemented with an expansion

ratio of e = 4, meaning the side length of the largest cell is four times that of

the smallest cell. Additionally, an unequal distribution of cells was employed,

increasing the number of near-wall cells to better represent the gradients near

the wall.

The comparison between the three meshes is displayed in Figure 3.8. Al-

though the velocity does not vary signicantly across the meshes, a notable

dierence exists in the temperature proles, particularly between the coarse

mesh and the ne and ner meshes.
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Figure 3.6: Mesh grading schema

The results for temperature and velocity show minimal variation between the

ne and ner meshes. Given the dierence in computational cost, further anal-

ysis is conducted using the ne mesh.

To compare simulation results with the reference data, it is essential to as-

sess the steady state. The evolution of temperature, velocity, and pressure

is evaluated at p1 (x = 191mm, y = 375mm). The temperature, which is

observed to be the last eld to stabilize, ceases to change after a few seconds,

as illustrated in Figure 3.7. A steady state appears to be well established after

t = 5 s.

Figure 3.7: Temperature evolution at p1 Figure 3.5.

The comparison between experimental data and simulated results is graph-
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(a) x-velocity prole at x = 2H . (b) Temperature prole at y = 0.25H .

Figure 3.8: Result comparison for the dierent meshes.

(a) Horizontal velocity at x = 2H . (b) Temperature at y = 0.25H .

Figure 3.9: Simulation results compared with reference simulation results and
experimental data.

ically presented in Figure 3.9a. A high degree of agreement can be observed

between the simulated velocity prole and the reference data. Additionally,

the adimensional temperature prole θ =
T−Tref

Tin−Tref
, where Tref is the aver-

age outlet temperature, is compared against experimental and simulated data

from Limane et al., 2015 at y = 025H (Figure 3.9b). While the temperature

measurements appear to dier from the simulated results for xH < 1, both

simulation results are consistent with each other and follow the trends of the

measured data.

3.4.2. Two-zone chamber particle transport

The two-zone chamber experiment proposed by Lu et al., 1996 investigates

airow and particle concentration within a chamber composed of two identi-

cal zones: Zone 1 and Zone 2. Air enters the chamber through Zone 1 near
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ceiling level and ows to Zone 2 through a door located at its midpoint. The

air then exits the chamber through the outlet, situated in Zone 2 near ground

level. The geometry of the two-zone chamber is presented in Figure 3.10. Ini-

tially, Zone 1 is lled with a uniformly distributed gaseous contaminant and

is hermetically sealed from Zone 2 (closed door), which is initially clean. At

the start of the experiment, air is forced into Zone 1, and the door is opened,

allowing both air and the gaseous contaminant to pass into Zone 2.

Figure 3.10: Two zone chamber geometry diagram.

The chamber is designed as a rectangular prism with dimensions L = 5m,

H = 24m, and W = 3m. The zones are connected through a door with di-

mensions Wd = 07m and Hd = 095m. The dimensions of Zone 1’s inlet and

Zone 2’s outlet are Wi = 1m and Hi = 05m, respectively. The dierences in

the x, y, and z axes between the inlet and outlet lead to a three-dimensional

ow, where no velocity component can be omitted or considered insignicant

compared to the others. Thus, a 3D analysis is necessary.

One of the most well-known disadvantages of RANS modeling is its inac-

curacy in capturing unsteady structures in turbulent ows. The two-stage

solver algorithm (explained in Section 3.3.2) is designed to address this issue.

Two cases with dierent methodologies for calculating particle concentration
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are compared. Case A1 solves all equations simultaneously (temperature,

momentum, pressure, turbulence, particle concentration, and air age). In con-

trast, Case A2 solves the temperature, momentum, and turbulence equations

until a time-invariant velocity eld is achieved; thereafter, the equations for

particle concentration and air age are solved using the stationary velocity eld.

It is important to note that, from the steady state onward, the velocity eld

is identical for both cases A1 and A2, as the eect of particles on air velocity

is considered negligible.

Validating fully developed velocity elds is required, as the velocity elds

inside ORs in this work are considered unaected by personnel and patient

movement, and ventilation systems are initialized hours before operations to

ensure adequate airow. However, simulations starting from t = 0 are still

compared to the experimental results, solving all equations simultaneously.

Given the absence of thermal loads in the camber, temperature calculations

are omitted for this validation scenario.

The inlet boundary conditions are set to uniform u = 009216m/s, v = 0,

and w = 0m/s to match the experimental conditions; turbulence intensity is

set to I = 5%. The walls are assigned a No slip condition (null velocity at

boundary corresponding cell faces) for the velocity eld, and a Zero gradi-

ent condition for pressure and turbulent kinetic energy elds. Epsilon wall

functions are implemented for the dissipation rate boundary conditions. For

the outlet boundary conditions, all elds are set to Zero gradient except for

the pressure eld, which is xed at a uniform p = 0m2s2.

Initial conditions dier between both cases: In Case A1, the particle con-

centration is set to match the experiment at C = 105 µg/m3 inside zone 1,

and C = 0 elsewhere. In Case A2, the initial conditions for particle concen-

tration are set to C1 = 52× 103 µg/m3 (uniform concentration in zone 1) and

C2 = 30× 104 µg/m3 (uniform concentration in zone 2).

Boundary conditions are set to C = 0 for the inlet, as the air entering the

room does not carry any gaseous contaminant. For every wall, C = 0 is also

set, meaning that once a particle touches a wall, it permanently leaves the do-

main (particles do not rebound or resuspend) (Chen et al., 2006). The outlet
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boundary condition is set to ∇C = 0, allowing air to exit the room.

To represent particle size eects, particle concentrations are calculated for

representative particle sizes CΦ, where the overall particle concentration C is

the average of these representative sizes. Concentrations for particles of sizes

Φ = 1 µm, Φ = 5 µm, and Φ = 10 µm are calculated independently. How-

ever, since the gaseous contaminant used for the two zone chamber experiment

diameter ranges from 05 to 5 µm, the representative concentration is only com-

puted by averaging the concentrations of particles with sizes Φ = 1 µm and

Φ = 5 µm, giving C = 1
2
(C1 +C5). To achieve better agreement between data

and simulation, dierent turbulent Schmidt numbers are tested, with Sct ≈ 03

yielding the best results.

A mesh convergence test is conducted using the x and y components of the

average steady-state velocity eld (u and v, respectively). Since steady state is

achieved and only the velocity is evaluated, the mesh convergence test is valid

for the velocity elds of both cases A1 and A2. The u proles across the

y axis are graphed within the chamber after conrming steady state. Three

meshes are evaluated, named coarse, ne, and ner, with their principal char-

acteristics presented in Table 3.3. All tested meshes are structured and graded,

with cell sizes decreasing as the distance to the chamber walls decreases, as

shown in Figure 3.6. The expansion rate for this simulation is set to e = 4

(see subSection 3.4.1).

Table 3.3: Two zone chamber meshes.

Mesh #Cells Type Grading Base cell size
Coarse 296.512 Structured Yes 5 cm
Fine 580.300 Structured Yes 4 cm
Finer 1.351.622 Structured Yes 3 cm

The results of the convergence tests are illustrated in Figure 3.11. Figures

3.11a, 3.11b, and 3.11c present the speed proles u(y) at L1(y) = (x1, y, z1),

located at the inlet level of zone 1, L2(y) = (x2, y, z1) in zone 2, and

L3(y) = (x1, y, z2), where x1 = 125m, z1 = 1m, x2 = 375m, and z2 = 15m.

The vertical speed proles v(x) are shown in Figures 3.11d and 3.11e, which

display speed proles in zones 1 and 2, respectively. Both graphs correspond

to the line segment L3(x) = (x, y0, z1), where y0 = 12m. The ne mesh is
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selected for further experimentation, as its computational costs are lower than

those of the ner mesh, while both yield similar results.
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(a) u Prole at x = 1.25 m, z = 1 m. (b) u Prole at x = 3.75 m, z = 1 m.
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(c) u Prole at x = 1.25 m, z = 1.5 m. (d) Zone 1 v prole at y = 1.2 m, z = 1 m.

(e) Zone 2 v prole at y = 1.2 m, z = 1 m.

Figure 3.11: Result comparison for the dierent meshes.

The ne and ner meshes generate similar results, while the coarse mesh

shows notable discrepancies near walls and in high-gradient zones. Therefore,

further analysis is conducted using the ne mesh, which has minimal dier-

ences from the ner mesh and reduced computational costs. The velocity eld

at z = 1m is qualitatively compared to the results obtained by Lu et al., 1996,

as illustrated in Figure 3.12. The simulated velocity eld closely resembles

that reported in the reference work.

To obtain a better ow characterization, streamlines passing through the
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Figure 3.12: Velocity eld comparison with Lu et al., 1996 simulation.

inlet are plotted in Figure 3.13. The ow in both zones of the cavity is char-

acterized by a three-dimensional velocity eld with areas of high vorticity. In

zone 1, the airow appears to traverse a large portion of the cavity before tran-

sitioning to zone 2. Once inside zone 2, the air seems to move more directly out

of the cavity, resulting in larger areas of stagnant air. Consequently, air in zone

1 is expected to be better ventilated (with a lower air age) and cleaner (with a

lower particle concentration), while zone 2 is anticipated to exhibit signicant

dierences in concentration and air age between the air passing through the

separating door and the stagnant air within zone 2.

The results for case A1 are presented in Figure 3.14. A signicant degree of

disagreement can be observed between the simulated and experimental data;
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Figure 3.13: Two zone chamber streamlines through separating door.

however, the time tendencies appear similar. The initial discrepancies can be

attributed to unsteady velocity eld variations that are not accurately repre-

sented by URANS modeling.

(a) Zone 1. (b) Zone 2.

Figure 3.14: Particle concentration comparison between full duration experiment
and simulations.

Case A2, which implements the two-stage solver, shows better correlation

with the experimental data. Starting from a fully developed velocity eld

and assuming a uniform distribution, the rate at which contamination decays

closely matches the experimental results, as shown in Figure 3.15.

Particle concentration is higher inside zone 2 primarily due to the lower
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(a) Zone 1. (b) Zone 2.

Figure 3.15: Fully developed velocity eld contaminant concentration evolution
against measured data.

degree of mixing. This reduced mixing is conrmed by observing Figure 3.16a,

which displays the distribution of PM5 concentration across three planes in-

side the cavity at t = 27 min. The particle concentration distributions align

closely with the air age distributions (Figure 3.16b), conrming that poorly

ventilated air tends to carry more contaminants. Poorly ventilated zones with

stagnant air are found in zone 1, away from the inlet and the internal door, as

well as in zone 2, away from the outlet and the internal door.

(a) Particle concentration ϕ = 5 µm. (b) Air age.

Figure 3.16: Two zone chamber air quality distribution visualization planes.

Although the air-age and particle concentration elds exhibit a strong cor-
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relation, the eect of particle size is evident in the particle concentration y

proles, with relatively lower concentrations of heavier particles observed near

the roof level. Air stagnation in the upper regions of the cavity does not

correspond with heavy particle concentration, as shown in Figure 3.17.

Figure 3.17: Dierences between air age and dierent particle size distributions
at zone 1.

3.5. Conclusions

The proposed model simplies and approximates the conservation equa-

tions of momentum, energy, mass, and other relevant properties for air within

the control volume. Turbulence is modeled using the RANS k − ε approach,

which calculates the average air velocity while accounting for all scales of tur-

bulence. By employing a RANS turbulence model and disregarding the eects

of particles on the air velocity eld, the distribution of contaminants can be cal-

culated independently over a stationary velocity eld. Accordingly, a two-step

resolution algorithm is proposed: the rst step computes the elds of velocity,

pressure, temperature, and turbulence, while the second step determines the

air quality elds, specically air age and contaminant concentration, utilizing

the precomputed velocity eld and turbulent diusion coecient.

To validate the implemented model, the heated cavity case by Limane et

al., 2015 and the two-zone chamber case by Lu et al., 1996 were selected.
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These cases evaluate the model’s eectiveness in simulating air movement in

both the presence and absence of temperature gradients, in two and three

dimensions, and in transporting contaminants. The proposed resolution al-

gorithm is assessed by comparing it with an algorithm that resolves both

steps simultaneously. The heated cavity case simulates airow within a cham-

ber with an air inlet and outlet, uniformly heated from its bottom surface.

The objective is to evaluate the model’s capability to simulate thermal, ow,

and buoyancy dynamics. The model satisfactorily captures the velocity elds

within the chamber, achieving good coherence with experimental data. Al-

though the temperature results show signicant deviations from the reference

measurements, the obtained temperature distributions closely align with other

simulation results reported in the literature.

The two-zone chamber experiment simulates the transport of a gaseous con-

taminant within a chamber, initially comprising a contaminated zone (zone

1) and a clean zone (zone 2). At the onset of the experiment, air ows from

the exterior into zone 1 and subsequently into zone 2, thereby cleaning the

air within the chamber. This case builds on the heated cavity scenario by

evaluating the model’s precision in simulating 3D ows, accurately represent-

ing contaminant transport, and assessing the resolution algorithm. Results

from the scenario where all equations are solved simultaneously show signi-

cant discrepancies from the contaminant concentration measurements within

the chamber, a trend also observed in other reference simulations. However,

when contaminant distribution is calculated over a converged velocity eld, the

model’s ability to predict contaminant concentrations improves substantially.

This is particularly signicant, as ORs typically operate with stationary veloc-

ity elds, with ventilation systems running well before operations commence

to ensure proper airow.

While the model requires further evaluation and validation through measure-

ments within the actual OR to enhance its credibility, it is concluded that the

model is suitable for evaluating the proposed study case. Specically, it is

eective for simulating airow within an OR with a stationary velocity eld,

where air movement is independent of interactions with contaminants.
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Chapter 4

Case Study: Eect of the partial

wall at ceiling level

4.1. Introduction

The contents of Chapter 4 bring together some of the conclusions of Chap-

ter 2, using the model proposed in Chapter 3 to carry out a more detailed

analysis of air quality on more specic real situations than what was stud-

ied in the questionnaire in Section 2.5. Vertical laminar airow systems have

traditionally been utilized in critical surgery ORs. However, outdated layouts

featuring curtains between the operating table and ceiling-level air inlets have

been observed to disrupt surgical practices. Some surgical teams have removed

these curtains, potentially leading to short-circuiting of airow from the in-

let to peripheral ceiling outlets, compromising necessary airow distribution

for room cleanliness. To mitigate this issue, installing a partial wall at ceiling

level to block direct airow exit has been proposed as an alternative solution.

The OR of the Centro Nacional de Quemados (CENAQUE) which stands

for national burned center, is selected as the case study room. The selection

of the case study is made for three main reasons:

It is one of the rooms where the curtains were removed, and after the

suggestion replaced with a partial separating wall between the inlet and

ceiling level outlets.

As this is a burn patient care room, visits to the room can be coordinated

in advance to take measures, without interrupting the emergency nature

of the service.

56



The maintenance and operation team of the room show good will and

enable the room so that the necessary measures can be carried out.

As stated in Chapter 3 the use of CFD to simulate OR airow distributions

has rapidly grown in the latest years, with the reduction of computational costs

and increase of resources. Some simulation focus on evaluating dierent ven-

tilation systems and dispositions; Memarzadeh and Manning, 2002 used CFD

to evaluate 11 ventilation systems inside an OR (evaluating them at dier-

ent air changes per hour ACH), concluding that systems with laminar airow

provide better contamination control. C. Wang et al., 2018a Compared the

contamination reduction eciency of vertical and horizontal LAF systems us-

ing CFD, concluding that the selection between VLAF and Horizontal Laminar

Airow (HLAF) depends on the obstacles, and object distribution inside the

room. Alsved et al., 2018 and C. Wang et al., 2018b used CFD to compare

the TCAF system against the LAF and TMA systems. both concluded that

LAF and TCAF are more ecient at removing bacteria from the air at wound

level when compared to TMA, with TCAF reducing energy consumption.

Movement impact inside the room has been evaluated, Brohus et al., 2006

examined the impact of sta movement from less clean to ultra clean zones

through smoke visualization and CFD. Sta movement was simulated using

distributed momentum and turbulence sources and was found to impact veloc-

ity and contamination elds. T. T. Chow and Wang, 2012 designed a dynam-

ical simulation to measure the impact of sta bending over the operating bed

with a variable particle release rate due to physical activity. Their simulation

resulted in BCP concentrations over 10 CFUm3 in the critical zone when

the sta bent over. The eect of opening and closing the OR sliding door

was evaluated using CFD by Zhou et al., 2018. Two cases were evaluated,

one where the temperature inside the OR is lower than the anteroom and one

where it is higher. They found that, when the temperature inside the OR is

higher than the anteroom, contamination intrusion rate and depth are lesser

than when the temperature is lower.

Other investigations focus on the eect of dierent design parameters on

comfort and contamination risk. Thermal comfort and contaminant removal

eciency was tested by Ho et al., 2009 using CFD, variating the position of
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the supply and exhaust grilles. Supply temperature 19oC < T < 22oC and

velocity 01ms < vi < 02ms were simulated by Ufat et al., 2018, particle

count was found to decrease at lower temperatures and high supply velocities,

with surgical teams preference being vi = 01 ms and Ti = 19oC.

Considering studies about air quality in ORs, this work focuses on air

quality parameters such as concentration of contaminants C in CFUm3 and

air age τ inmin for three scenarios. Scenario 1 simulates air quality parameters

within a representatio of the CENAQUE OR with the installed partial wall,

Scenario 2 with a shorter partial wall and Scenario 3 without it. Partial wall

installation eectiveness is evaluated by comparing air quality near surgical

sta members and patient with and without it.

4.2. Case study description

The simulated room emulates the surgery room of the CENAQUE which

stands for national burn treatment center, where procedures are performed

on patients with burned skin. The room has a laminar ow system with air

recirculation. According to discussions with the room’s maintenance and oper-

ation personnel, the ventilation system starts working hours before operation.

Unlike other ORs, patient admission is predictable well in advance as burned

skin patients must go through a surgical bath before. Said nature of operation

allows measures to be taken without stopping its operation.

As mentioned in Chapter 2, air temperature and relative humidity inside

burned units are xed due to procedure requirements (thermal comfort of the

surgical team can not be aimed for). Burned skin treatment requires heat loss

from the patient to be as small as possible, and sweating should be avoided.

Supply temperature of the CENAQUE OR is controlled to be above 30ºC,
airow is introduced through a single inlet at ceiling level at an average ve-

locity of 0.26 m/s (see Figure 4.1). Photos of the actual room are presented

in Figure 4.2. Photos display tables for instruments and material disposal

containers, among other elements. In order to simplify the simulation said

elements are not considered, only including the surgical bed, surgical lamp,

partial wall and an element of surgical equipment (which corresponds to the

anesthesia machine). The main dimensions of the geometry and a diagram of

58



the air inlets and outlets are shown in Figure 4.1. The maximum length of

the room is L = 636 m for the x direction and B = 6 m for the y direction.

Room height diers between the periphery H = 237 m and under the laminar

ow H + h1 = 251m. The partial wall depth is h1 + h2. The installed par-

tial wall length is 0.425 m, in order to study the eect of partial wall length,

three scenarios are simulated, Scenario 1, using the real partial wall length

h2 = 285 cm, Scenario 2 with a shorter partial wall h2 = 17 cm and Scenario

3 without a partial wall.

Figure 4.1: CENAQUE OR scheme, main dimensions, inlet and outlets.

Inlet supply area is the Section between two concentric rectangles, the outer

rectangle dimensions are l = 322 m and b = 303 m, and the inner rectangle

dimensions are li = 031 m and bi = 042 m. Outlets are separated into three

groups. Outlet 1 is one damper of length bo1 = 056 m and height ho1. Outlet 2

is composed of two sqaure dampers of side ao2 = 055 m. Outlet 3 is composed

of two groups of four grids of length lo3 = 04m and width bo3 = 03 m. In

every Scenario the room is assumed to be occupied by seven surgical sta team
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members around a patient who is laying on the surgical bed.
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(a) View 1.

(b) View 2.

(c) Surgical lamp and partial wall.

Figure 4.2: CENAQUE OR.

61



4.2.1. Particle considerations

Particle ux from surgical sta, the patient and other possible surgical pro-

cedures is modelled as a source term aecting a box-like volume B named Con-

tamination area around the operating table, dened by P1 = (21, 25, 08),

P2 = (36, 52, 17) and P3 = (21, 52, 08), presented in Figure 4.3.

This approach of particle generation is similar to what lagrangian trans-

port studies do, like C. Wang et al., 2018b, where the particles are point

generated, however, initial velocity is not considered in passive scalar mod-

els, hence the region where particles are generated is enlarged. The parti-

cle concentration source term is set to ΓC = 367 PMm3s for every par-

ticle size ϕPM = {1, 5, 10} µm. Contaminant eld is calculated as the av-

erage of the dierent particle concentration elds. This approach results in

only the particles that are categorized as CFU being simulated, as by aver-

aging the elds (not adding them directly) the source term corresponds to

100 cfumin per person inside the contamination area B, which is the CFU

generation declared by T. T. Chow and Wang, 2012 for people standing still.

Particle density is set ρp = 1000 kgm3, Brownian diusion coecient is ne-

glected against turbulent diusion coecient DPM << εp. Settling speeds are

v⃗s− z = {327× 10−5, 716× 10−4, 281× 10−3} ms for ϕPM = {1, 5, 10} µm

respectively.

Figure 4.3: Contamination Area B
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4.3. Model implementation

The mathematical model, numerical algorithms and implementations are

presented and described in depth in Chapter 3. The model approximates the

scalar transport equation (Equation 3.2) for velocity, temperature, air age,

turbulent kinetic energy and dissipation rate, then couples the velocity and

pressure elds with the mass conservation equation. Turbulence is modeled

using a turbulent diusion coecient, based on the turbulent kinetic energy

and dissipation rate (Equation 3.4). The particle concentration eld is calcu-

lated using the modied drift-ux equation (Equation 3.5), forces exerted by

particles towards the air are neglected (zero-coupling).

By neglecting contaminant inuence on airow, the velocity eld is inde-

pendent of the contaminant eld, therefore it can be calculated independently.

Using this idea and considering the nature of the OR, where the ventilation

system starts working long before the operation begins, a two stage approach is

implemented for air quality parameter calculations. The rst stage calculates

the velocity v⃗, temperature T , pressure p and prgh = p + ρgz and turbulence

elds k, ε and νt, until steady state is veried. The second step calculates the

particle concentration Cϕ with ϕ = {1, 5, 10} µm) and air age τ elds using

the velocity eld and turbulent diusion coecient resulting from the previous

stage as data.

A simplied version of the OR geometry is converted into numerical meshes

generated by the ICEM-CFD software. The geometry for which meshes are

generated is displayed in Figure 4.4. The room is modeled with seven members

of the surgical team, a patient, the operating table, surgical lamp and electrical

surgical equipment. Three meshes are evaluated: coarse, ne and ner; mesh

details are shown in Table 4.1. Meshes are hexaedrical, created with a combi-

Table 4.1: Tested mesh descriptions.

Mesh #Cells Type Grading Max cell size
Coarse 477.072 Unstructured Near boundary 30 cm
Fine 718.587 Unstructured Near boundary 20 cm
Finer 1.506.154 Unstructured Near boundary 15 cm

nation of iterative methods included in ICEM software Delaunay and Octree.
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The Octree method uses the output generated by the Delaunay and renes the

mesh. Element size regulation is carried by imposing a maximum global and

surface specic cell size. Surfaces are dened as dierent mesh elements which

coincide with the OR elements such as surgical lamp, partial wall and surgical

sta between others, afterwards, a maximum edge length is dened for each

mesh element (near boundary grading), a cut plane of Fine mesh is presented

in Figure 4.5.

Figure 4.4: Simulated OR arrangement.

4.3.1. Boundary and initial conditions

Velocity Boundary conditions are set to v⃗ = 0⃗ for every boundary aside

from the inlet and outlets, where its set to uniform velocity u = v = 0 ms,

w = −026 ms and null gradient respectively. Every pressure boundary but

the outlets are set to zero gradient boundary condition, outlet pressure is xed

p = 0m2s2 for every outlet. It should be noted that the pressure at each outlet

is not necessarily the same. However, due to a lack of specic information
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Figure 4.5: Fine mesh cut plane at patient level.

regarding the pressure, or pressure drop at each outlet, they were assumed to

be equal. This assumption may exaggerate the short-circuit eect if the actual

pressure at Outlet 3 is higher than that at Outlets 1 and 2. Kinetic turbulent

energy k is calculated from turbulence intensity, which is estimated as I = 2%

at the inlet, and its gradient is set to zero for every other boundary. Solid

boundary turbulence dissipation rate ε and turbulent diusion coecient νt

are calculated through wall functions (OpenFOAM, n.d.), outlet boundary

conditions are set to ∇εn⃗ = 0 and ∇νtn⃗ = 0 respectively, inlet boundary

condition for ε is calculated from I, ν and turbulence length, estimated as

lε = 237 × 10−7 m2s3, with sliding velocities of u∗ ≈ 1 − 5 × 10−3 ms,

turbulent diusivity is calculated from k and ε. Age of air τ is set to τ = 0 s

which stands for new air entering the OR, and ∇τn⃗ = 0 sm for every other

surface. Thermal and particle count boundary conditions for each surface are

presented in Table 4.2. The inlet boundary condition for particle count C∗
ϕ = 0

as air enters the domain without contaminants, solid surface C∗
ϕ = 0 represents

no rebound boundary condition (Chen et al., 2006).

Initial conditions are set to null velocity and pressure, uniform T = 31oC,

k = 001 m2s2, ε = 1× 10−6 m3s2, νt = 0 m2s, Cϕ = 0 and τ = 0 s.
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Table 4.2: Temperature and particle count Boundary conditions

Boundary Temperature Particle count
Inlet T = 30oC Cϕ = 0 cfum3

Outlets ∇T n⃗ = 0
oC
m

∇Cϕn⃗ = 0 cfum4

Walls Adiabatic Cϕ = 0 cfum3

S. Sta and patient T = 36oC Cϕ = 0 cfum3

Lamp lights q′′ = 250 W
m2 Cϕ = 0 cfum3

S. Equipment T = 42oC Cϕ = 0 cfum3

4.3.2. Simulation evaluation

The mathematical and numerical model presented in Chapter 3 is imple-

mented and evaluated with a grid independence test, and a steady state as-

sessment test. All tests are carried for Scenario 3, which simulates the room

without the partial wall separating ceiling inlet and outlets. Time Indepen-

dence is assessed by registering temperature and velocity components at 69

points inside the OR. Velocity magnitude and temperature evolution over 20

minutes at 69 points inside the OR are shown in Figure 4.6. Velocity and

temperature change at grater rates during the rst ve minutes of simulation,

afterwards, most evaluated points start to stabilize, reaching a partial steady

state at around 15 minutes. From that point onward, some little oscillations

in both temperature and velocity can be observed, however said cyclical time

dependence is neglected.

(a) Velocity magnitude U . (b) Temperature T .

Figure 4.6: Velocity magnitude and temperature evolution.
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Grid independence is compared over average velocity and temperature

elds, from 15 min to 20 min, by running the rst stage of the simula-

tion and comparing velocity and temperature proles at L1(x) = (x, y1, z1),

L2(x) = (x, y1, z2) and L3(y) = (x1, y, z1) where x1 = 281 m, y1 = 318 m,

z1 = 12 m and z2 = 18 m. Grid independence test results are presented

in Figure 4.7, L3 intersects a surgical teams body near y = 5 m, as can be

seen in gures 4.7e and 4.7f, where no data is registered around that point.

The ne mesh is selected for further analysis given the reduced computational

costs when compared to the ner mesh. Even though results are similar for

ne and ner meshes, results could vary for meshes with higher mesh density,

specically at the room periphery.
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(a) Vertical velocity prole w(x) at L1. (b) Temperature Prole T (x) at L1.

(c) Vertical velocity prole w(x) at L2. (d) Temperature Prole T (x) at L2.

(e) Vertical velocity prole w(y) at L3. (f) Temperature prole T (y) at L3.

Figure 4.7: Time average result comparison for the dierent meshes.
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4.4. Results and discussion

4.4.1. Airow and temperature distribution

Average streamlines are plotted in Figure 4.8 for the no partial wall case

following various inlet points in order to visualize the velocity eld and airow

distribution. The ow enters from the entrance in the ceiling and descends

towards the OR, sweeping from the interior of the room towards the periphery.

The majority of the ow leaves the room through the outlets at ceiling level

(outlet 3), while a smaller portion exits through the side outlets. Flow is

observed to be considerably asymmetric due to the element arrangement inside

of it. Two hypotheses are veried; the rst is the existence of a downward ow

from the inlet that sweeps the air from the center of the room to the periphery.

The second hypothesis is the existence of a short circuit between a portion

of the air inow with the ceiling level outlet (outlet 3).

Figure 4.8: Simulated Stream lines without partial wall.

The velocity elds are compared between scenarios 1 and 3 (real and no

partial wall). Broadly speaking, both velocity elds are similar, as shown in

Figure 4.9. A portion of the inow leaves quickly through outlet 3 for both

cases. Although the amount of short-circuited air is sensitive to the bound-

ary condition p = 0 m2s2, which is xed for every outlet, the eect of the

partial wall can be observed when comparing the streamlines for both cases.

Streamlines tendencies towards the outlet are reduced with the installation of

the partial wall, resulting in a more vertically dominant ow. Furthermore,
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short-circuited air trajectories are larger when the partial wall is present.

Streamline comparison is presented in Figures 4.10 and 4.11, the blue stream-

lines are obtained with the partial wall, the black streamlines without it.

(a) No partial wall x = 2, 97 m. (b) Partial wall x = 2, 97 m.

(c) No partial wall y = 3.90 m. (d) Partial wall y = 3.90 m.

Figure 4.9: Velocity eld comparison without partial wall (a) and (c) and with the
partial wall (b) and (d), for central perpendicular planes.

Figure 4.10: Streamline dierences with (blue) and without (black) partial wall.
Variable distance with ceiling outlet y. Fixed depth x

Streamline observed in Figure 4.10 suggest that the installation of a partial

wall not only increases the amount of clean air reaching the work area but also

favors that the air arrives in a more orderly manner, aligning better with the

intended air distribution for the workspace.
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Figure 4.11: Streamline dierences with (blue) and without (black) partial wall y.
Fixed distance (near) towards ceiling outlet, variable depth x.

Velocity distributions at dierent heights above the contamination zone re-

mark the eect of the partial wall in airow direction, vertical velocity proles

at x = 2 m and at dierent heights z = 23 m, z = 20 and z = 17 m are

presented in Figure 4.12. The plane dened by x = 2 m intersects the inlet

and a roof outlet at each side of the room. At z = 23 the vertical compo-

nent of the velocity below the inlet presents a good degree of uniformity. At

this height airow has not yet left the partial wall for scenarios 1 and 2,unlike

Scenario 1 where part of the airow has already left the injection zone. As

airow advances and reaches z = 20 m it becomes less uniform due to the

lack of partial wall (for every scenario) and incidence of obstacles such as the

surgical lamp. Scenario 1 presents a particular shape at this height, as airow

has just abandoned the partial wall. Velocity increases near the inlet border

y = 2, 34 m and y = 537 m due to the pressure gradient generated by the

outlet boundary condition. The eect of the partial wall decreases with height

from this point onward, a notable dierence still remains at z = 17 m, where

despite having similar shapes, the vertical velocity modules for the scenarios

1 and 2 are higher than Scenario 3, representing higher airow reaching the

contamination zone.

The vertical ow below the air inlet has the particular importance of being

the ow that enters the contamination area B. The air ow below the injection

is dened as sweep ow. The velocity proles in Figure 4.12 provide notion

on the evolution of the sweep ow as the air advances in the OR, however, since

the velocity prole is in a straight line segment, it is not completely represen-
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Figure 4.12: Velocity proles at dierent heights and x = 2 m, for al three sce-
narios: Scenario 1 (Real), Scenario 2 (Short) and Scenario 3 (No).

tative of it. The sweep ux is calculated as the numerical surface integral of

the scalar product between the velocity and the versor -z at dierent heights z,

its distribution for the three simulated scenarios is represented in Figure 4.13.

Results show that sweep ow decreases less for cases with partial wall, with

the real partial wall Scenariokeeping the highest simulated sweep ows, with

a relative dierence to the no partial wall sweep ow of about 12.5% more

volume at sta head level (z=1.67 m). Therefore simulation results suggest

that the incorporation of the partial wall increases the amount of clean air

that sweeps the work area.

The incidence angle (angle formed between the velocity vector and the z-

axis) is analyzed within a rectangle of inlet size z = 175 m, situated between

the surgical lamp and the heads of the personnel. The distribution of the

incidence angle for the Scenario with the real partial wall is illustrated in Fig-

ure 4.14a. Incidence angle is near perpendicular at the plane segment center,

incidence angle stays roughly perpendicular when moving away from the cen-

ter through the x direction, angle tends to increase the further the y-distance

from the plane center. The surgical lamp disrupts the ow at this level, as

incidence angles near 90º are observed resembling the shape of the surgical
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Figure 4.13: Flow comparison below inlet.

lamp.

Flow direction tends to be horizontal (near 90º incidence angles) towards the

borders of the plane Section studied, mainly in the y direction as pressure

gradient imposed by the outlet boundary conditions force airow towards it.

Comparing the approximate angle distributions for the three scenarios, it is

veried that the air reaches the work area in a more orderly manner with the

real partial wall, and in a less orderly manner without the partial wall (Fig-

ure 4.14b), as higher incidence angles frequency increases with the absence of

a partial wall.

Parallel to the calculation of the velocity eld, the temperature eld is

calculated. The temperature elds with or without the partial wall do not

present major dierences. Three plains with relevant temperature gradients

are presented in Figure 4.15. The greatest temperature gradients occur near

the lamp lights and surgical equipment. Despite some local temperature dif-

ferences, the temperature eld inside the OR is approximately homogeneous

and for the most part very similar to the air inlet temperature. The absence

of important temperature variations in the simulation results is favored by two

main factors. Firstly, the operating condition of the room indicates an inlet

ow of 2.50 m3s, which corresponds to 106.6 ACH, which is well above recom-

mended and usual ventilation values for these rooms. Cold airow dilute the
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(a) Incidence angle for Scenario 1
(b) Horizontal angle relative frequency his-
togram for the the three scenarios.

Figure 4.14: Incidence angle at 1,75 m.

temperature dierences between the heated air, therefore inlet and outlet tem-

perature dierences tend to become smaller. To a lesser extent, the proposed

model simplies the heat transfer within the room, ignoring, for example, the

sensible heat that comes from people’s breathing. Due to the high airow, it is

estimated that the consideration of additional heat loads will not signicantly

aect the temperature distribution.

4.4.2. Air quality parameters

To analyze the partial wall impact on air quality parameters τ and C, the

results are divided into two sections: results for the entire room volume and

results for contamination zone B.

4.4.2.1. Entire room

Using the velocity and turbulence elds as input data, the air quality, CFU

concentration Cϕ, and air age elds τ are calculated. An overview of the air

quality elds is presented in Figure 4.16. The contaminant concentration C is

computed as the average of the contaminant concentrations for each particle

size: C1, C5, and C10
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Figure 4.15: Temperature eld ploted over three plains inside the OR, ẑ normal
at z = 0.9 m, which shows heat transfer of patient and surgical sta, x̂ normal at
x = 1.75 m which shows the eect of the surgical lamp on air temperature, and ŷ
normal at y = 6 m, which displays the eect of the surgical equipment.

Higher concentrations of CFUs are observed around the patient and sur-

gical equipment, where the downward ow is obstructed. The concentration

of contaminants diuses as the air moves away from the operating area, being

carried towards the peripheral and ceiling outlets.

The air age exhibits signicant asymmetry along the x-axis, tending to be

higher on the side without extraction points in the OR. Air in this area has

lower velocities compared to the rest of the room, resulting in longer egress

times. The air age increases with height z in the periphery, away from the

operating area, excluding the air short-circuit zone. Inside the operating area

(below the air inlet) air age is relatively low as air ows from the inlet, through

the operating area to the periphery. Highest air age values inside the operating

area are found in stagnation zones, such as the back of the surgical sta or
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(a) CFU concentration inside the CENAQUE OR.

(b) Air age inside the CENAQUE OR.

Figure 4.16: Visualisation of CENAQUE OR air quality elds with the real partial
wall, (a) CFU concentration and (b) air age.
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above and below the surgical bed.

In contrast to the observations in the validation cases presented in Chap-

ter 3, areas with high air age do not appear to indicate zones of high CFU

concentration. However, these dierences can be explained by understanding

the dierences between both physical situations. As a reminder, the two-zone

chamber experiment carried out and simulated by Lu et al., 1996 is one of

the reference cases used to evaluate the implemented particle transport model.

The experiment studies the transport of particles in a chamber composed of

two identical zones, zone 1 and zone 2, which are initially separated from each

other. Within zone 1 there is a uniformly distributed contaminant gas, whose

initial concentration is known, while zone 2 is completely clean. The average

contaminant concentration is recorded throughout the experiments for both

zones.

At the start of the experiment, the door separating zones 1 and 2 is opened and

a ow of air from the outside of the chamber (clean of gaseous contaminants)

is mechanically forced into zone 1. The clean air pushes the contaminated air

from zone 1 to zone 2 and towards the outside of the chamber, so as time

passes the total concentration of contaminants in the chamber decreases. Due

to the geometry of the chamber, stagnation zones form inside (high air age

zones), where the concentration of contaminants accumulates.

Particle transport inside the OR is dierent, as air is initially clean, and con-

taminants are generated inside the room, increasing the concentration over

time. On the other hand, the results of the OR simulations do not show stag-

nation zones like those observed in the simulation of the two-zone chamber

experiment, reaching a steady state for the air age eld at about 5 minutes,

as shown in Figure 4.17. Since contaminants are generated in areas of low

air age and then diuse throughout the room, it makes sense that the highest

concentrations occur in areas of low air age.

Achieving a steady-state air age indicates that within the control volume,

the air has reached its maximum residence time. Analyzing the maximum and

average air age for the three scenarios reveals that the presence of the par-

tial wall results in fresher air within the volume. The maximum and average
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CFU concentration and air age throughout the OR for the three scenarios are

presented in Table 4.3, the averages shown in Table 4.3 are volume-weighted,

while the maximum values are associated with cell centroid values of τ and C.

To quantify the relative importance of air age changes in the OR, a ctitious

Scenarioin which air is renewed uniformly is dened as a reference.

The reference ctitious situation is dened as an equivalent room where the

air ows from the inlet to the outlet at a constant and uniform speed without

obstructions and with equal air renewals to the evaluated OR. The equivalent

room is shaped as an extruded surface, where air ows uniformly form the base

surface to the end of the extrusion. For the equivalent situation, the age of air

at the exit can be calculated according to Equation 4.1, and since the air is

evacuated uniformly, the average age of the air in the reference situation is half

that at the exit. The average air age in the reference situation is dened as

the reference air age, which allows dening an idea of ventilation eciency ητu

that compares the time that the air resides within the OR against a uniform

situation without obstacles, air shorts or stagnation (Equation 4.2).

τu =
1

ACH
× 3600 = 338 s (4.1)

ητu =
τu
2τ

(4.2)

Both the average air age and CFU concentration decrease from Scenario 3 to

Scenario 2, and from Scenario 2 to Scenario 1. Simulation results suggest that,

on average, the air quality within the room improves with the installation of

the partial wall. Particularly noteworthy is a 10.7% reduction in the average

global contaminant concentration within the OR as well as a 9.8% increase in

ventilation eciency. Additionally, the maximum values for both air quality

parameters are reduced, indicating that the air is being used more eciently

in the scenarios with the partial wall compared to those without it.

Table 4.3: Global OR maximum and average air quality parameters for the three
simulated scenarios.

Scenario Cmax ( cfu
m3 ) C ( cfu

m3 ) τmax (s) τ (s) ητu(%)
1. No P. Wall 20.1 1.87 126.8 40.5 41.7
2. Short P. Wall 20.1 1.78 105.2 37.9 44.6
3. Real P. Wall 18.9 1,67 93.6 32.8 51.5
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Figure 4.17: Room average air quality parameters over time, air age τ and CFU
concentration C.

Further evidence of the reduction in short-circuiting eect is found by

studying the contaminant ows through the air outlets. At Outlet 3, both

the air age and the removal of CFUs from the OR increase when the partial

wall is installed, indicating that older air carrying more contaminants is being

expelled. The average values of air age and CFU concentration, as well as the

airow and CFU ow are shown on Table 4.4. The eect of the partial wall

is most pronounced at Outlet 3 when comparing scenarios without the partial

wall and with the real partial wall. For said Scenariocomparison the average

air age , τ , increases from 30.8 seconds to 34.1 seconds (air is 10.71% older),

and the contaminant ow, C, increases from 5502 CFU/h to 6338 CFU/h,

enhancing contaminant evacuation through Outlet 3 by 15.19%.

To highlight the eect of installing the partial wall in the OR, a parame-

ter Eτ can be dened, calculated according to Equation 4.3, which represents

the proportional excess air age with which the air leaves the OR from each

outlet, compared against a Scenariowhere airow leaves a room at the same

ACH rate, with an uniform ow distribution, meaning air leaves the room with

an air-age equal to τu (Equation 4.1).

Eτ =
τ − τu
τu

× 100 (4.3)

The calculation of the excess air age shows that when the partial wall is in-
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stalled, the air leaves the OR at a more uniform air age. The majority of the

air leaves the OR through Outlet 3, whose excess air age increases, going from

a negative value of -8.9% to 0.9%, which suggests a reduction in the short

circuit phenomenon. On the other hand, the excess for the other two Outlets

decreases, indicating that the air reaches the OR outlet through them with

less stagnation.

Table 4.4: Principal outlet results with and without partial wall

No P. Wall A (m2) V (m
3

h
) τ (s) C ( cfu

m3 ) n ( cfu
h
) Eτ (%)

Out. 1 0.157 605 51.7 3.56 2155 53.0
Out. 2 0.605 2319 34.0 2.16 5017 0.6
Out. 3 1.600 5981 30.8 0.92 5502 -8.9

Short Wall A (m2) V (m
3

h
) τ (s) C ( cfu

m3 ) n ( cfu
h
) Eτ (%)

Out. 1 0.157 598 47.7 3.51 2101 41.1
Out. 2 0.605 2299 33.0 2.08 4779 -2.4
Out. 3 1.600 5978 33.1 0.99 5932 -2.1

Real Wall A (m2) V (m
3

h
) τ (s) C ( cfu

m3 ) n ( cfu
h
) Eτ (%)

Out. 1 0.157 602 43.4 3.40 2046 28.4
Out. 2 0.605 2311 31.7 1.89 4371 -6.2
Out. 3 1.600 5950 34.1 1.06 6338 0.9

4.4.2.2. Contamination zone B

Simulation results indicate an improvement in the overall air quality pa-

rameters for the entire OR volume. However, this does not necessarily imply

that air quality improves uniformly throughout the space. Variations in air

age and contaminant distribution in the area directly beneath the air inlet are

particularly important as it is where the patient and surgical team are posi-

tioned for extended periods, making it the zone where infection risk is highest.

The contamination zone B, dened in Section 4.2.1, serves as a reference

for the air in the infection risk area. Within this zone, the air age and con-

taminant concentration are analyzed across the three scenarios. The infection

risk zone is characterized by the generation of contaminants, the presence of

several obstacles to airow such as surgical equipment, the patient, and the

bed, as well as its location directly beneath the air inlet, allowing clean air

with low air age to enter from above. Due to these factors, the air within the
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contamination zone exhibits relatively low air ages and relatively high contam-

inant levels, as shown when comparing Figure 4.18 with Figure 4.16.

Contamination zone results show the same trend of decreasing the proportion

of contaminants in the air with the installation of the partial wall (Table 4.5).

The real partial wall simulation instalation resulted in a reduction of about a

second of air age inside the contamination area and almost 10% cfu concen-

tration reduction. Ventilation eciency ητ is calculated from Equation 4.4

using average air age inside the contamination area B. Additionally, the air

age within the contamination area decreases when the partial wall is installed.

Said air age reduction is attributed to the reduced short-circuiting of the air,

allowing more fresh air to reach the surgical team and patient. A reference

aire age value τref can be dened in order to mesure ventilation eciency. The

reference air age for the contamination area B is dened as the time needed

to travel in a straight line from inlet height to the medium B height, at inlet

average velocity w = 026 m/s, which is τref = 485 s. Comparison with this

reference value equates to a comparison against a fully uniform and unidirec-

tional ow from inlet to each point inside B, without any obstruction or ow

loss from outlets, surgical sta, surgical lamps and other.

(a) Air age (b) CFU concentration

Figure 4.18: Contamination area air age and CFU concentration distribution vi-
sualization for Scenario 1, with the real partial wall.

Observing the contamination zone in more detail, it is noted that contam-

inant concentration appears to increase as height decreases, with maximum

concentration values near the center of the zone. This phenomenon is at-

tributed to two main causes: First, the low velocities in the center (due to
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the obstruction from the lamp and the geometry of the air injector) cause the

residence time of the air within the contaminant generation zone to be greater

for the air descending through the center than for the air descending through

the periphery. Second, the air descending through the center is surrounded

by contaminated air (the center of the contaminant generation zone). This

second cause is a direct consequence of how particle generation is modeled in

the implemented physical model.

Additionally, it is observed that the areas of lower velocity near the surgical

table are where the maximum CFU concentrations are reached, as presented

in Figure 4.19. This phenomenon is explained by the fact that the air in this

area has already traveled through the entire contaminant generation zone and

struggles to exit due to the low velocities, resulting in increased contaminant

concentration.

(a) Contamination area middle x-plane (b) Contamination area middle y-plane

Figure 4.19: Contamination distribution visualization plotted with average speed
values.

ητ =
τref
τ

(4.4)

Table 4.5: Contamination area average air quality parameters for the three simu-
lated scenarios.

Scenario C ( cfu
m3 ) τ (s) τmin (s) τmax (s) ητ (%)

1. Real P. Wall 4.30 9.9 3.2 43.5 49.0
2. Short P. Wall 4.50 10.3 3.2 43.7 47.1
3. No P. Wall 4.69 10.8 3.2 51.7 44.9
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4.5. Conclusions

In this section, the mathematical model explained in Chapter 3 is applied

to simulate the ventilation within the CENAQUE OR. The CENAQUE room

simulated features a VLAF-type ventilation system, with extractions on the

side walls and ceiling. Inside the room, it is assumed there are seven people

(six standing and one lying down), a surgical lamp, and heat-dissipating equip-

ment. Before studying the results, a mesh convergence analysis is performed,

and the convergence of the velocity and temperature elds is evaluated.

To evaluate the impact of installing the partial wall between injection and

roof extraction, three scenarios were dened: Scenario 1 with the partial wall

installed, Scenario 2 with a shorter partial wall and Scenario 3 without the

partial wall. For the three scenarios, the velocity elds, the concentration of

pollutants and the age of the air are studied.

Installation of the partial wall results in an increase of the sweep ow by

12.5%. Moreover, results indicate that when the partial wall is installed, the

ow arrives in a more orderly manner with the presence of the partial wall.

The air short circuit eect can be observed in the simulation of the three sce-

narios, however, the results suggest that the installation of the partial wall

reduces the portion of the air that leaves the OR through the extraction that

is at ceiling level.

Air quality (represented by the concentration of contaminants and the age

of air) is evaluated by sectioning the volume of the room, dierentiating be-

tween results that cover the entire room with results within contamination

area B.

The results of the simulations indicate that the average contaminant concen-

tration of the OR decreases by 10.7% when installing the partial wall. Further-

more, the ventilation eciency referred to an equivalent situation of uniform

ow increases from 41.7% without the partial wall to 44.6% with the short

wall and up to 51.5% with the real-size partial wall.

The average air age in the roof extraction increases, increasing the excess
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time spent inside the OR from negative values of -8.9% and -2.1% for Scenar-

ios 3 and 2 respectively, to a positive value of 0.9% for Scenario 1. That is,

by installing the partial wall, a portion of the air that previously left the OR

with a residence time less than expected in a uniform situation, now remains

longer inside the OR. The increase in excess residence time, accompanied by

the reduction in ow in the extraction at ceiling level, indicates a decrease in

the short circuit of air.

Inside the contamination zone B, the installation of the partial wall reduces

average contamination concentration in 8,32% compared to Scenario 1, with-

out partial wall. Ventilation eciency improves from 44,9% without the partial

wall, to 47,1% with a shorter partial wall and up to 49,0% with the real partial

wall.

The results suggest that the installation of a partial wall improves the air

quality in the room. Moreover, they indicate that a longer wall provides a

greater improvement in air quality compared to a shorter wall.
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Chapter 5

Conclusions

This Chapter compiles the thesis main conclusions, more specic conclu-

sions are presented in Chapters 2, 3 and 4.

Air quality in ORs is strongly linked to the success of the operation and the

patient’s risk of contracting an SSI. Temperature, RH, dierential pressure,

ventilation and particle concentration were identied as the most important

parameters related to air quality in ORs. Some of these parameters, such as

temperature, relative humidity and air speed, mainly inuence the thermal

comfort of the inhabitants of the OR. Other parameters mainly inuence sep-

sis, such as ventilation and particle concentration. Particle concentration and

specically PM1-PM10 is directly related to SSI risk, as bacteria use PM of

this size range to become airborne.

At an international level, standards are used to dene the ranges of temper-

ature, humidity, dierential pressure, air renewals and total ventilation. The

ranges dened for the parameters in the standards are usually compromises

of dierent phenomena, such as temperature, which is a compromise between

the comfort of the patient and the surgical team. At the national level, no

enforceable standard equivalent to those evaluated in this thesis was found.

The most usual way to control the air quality parameters inside the OR is to

condition the incoming air, using an AHU. The AHU can dictate the amount of

air entering the OR, as well as its temperature and RH. In addition, upstream

of the OR, lter banks are installed with the aim of reducing the concentration
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of contaminants. The ventilation schemes used inside the rooms can be sepa-

rated into two large families, diusion-based systems (TMA) and sweep-based

systems (LAF). Studies have shown that LAF systems are more eective at

creating a protective area within the OR, making them the preferred choice

for ORs performing higher-risk procedures. In contrast, TMA systems are less

complex to operate and require less ventilation, making them suitable for ORs

where a lower level of air cleaning is adequate.

At national level, analysis of reports generated by the IIMPI team for 41

rooms used by IMAEs reveals that key air quality parameters such as total

ACH, outdoor ACH, temperature, RH, and dierential pressures are not com-

monly known by ventilation system supervisors. As interactions between the

IMAEs, the FNR and the room managers continue, it is anticipated that in-

formation on these air quality parameters will become more widely available.

An OR used for the treatment of patients with burned skin is dened as a

case study to analyze using CFD. In these OR, which has a LAF ventilation

system, a partial wall was recently installed separating the air inlet from the

outlets that are at ceiling level. Three scenarios are proposed for airow and

air quality CFD analysis, one with the partial wall installed, another with a

shorter partial wall and nally a scenario without the partial wall.

A CFD code was designed capable of calculating velocity distributions and

air quality parameters in indoor environments. The proposed model simpli-

es and approximates the conservation equations of momentum, energy, mass,

and other relevant properties for air within the control volume. Turbulence

is modeled using the RANS k − ε approach, which calculates the average air

velocity while accounting for all scales of turbulence. By employing a RANS

turbulence model and disregarding the eects of particles on the air velocity

eld, the distribution of contaminants can be calculated independently over

a stationary velocity eld. Accordingly, a two-step resolution algorithm is

implemented: the rst step computes the elds of velocity, pressure, temper-

ature, and turbulence, while the second step determines the air quality elds,

specically air age and contaminant concentration, utilizing the precomputed

velocity eld and turbulent diusion coecient. The code is implemented in

OpenFOAM, which is free software capable of solving dierential equations
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using the nite volume method.

To validate the implemented model, the heated cavity case by Limane et

al., 2015 and the two-zone chamber case by Lu et al., 1996 were selected.

These cases evaluate the model’s eectiveness in simulating air movement in

both the presence and absence of temperature gradients, in two and three

dimensions, and in transporting contaminants. The proposed resolution algo-

rithm is assessed by comparing it with an algorithm that resolves both steps

simultaneously.

The heated cavity case simulates airow within a chamber with an air inlet and

outlet, uniformly heated from its bottom surface. The objective is to evaluate

the model’s capability to simulate thermal, ow, and buoyancy dynamics. The

model satisfactorily captures the velocity elds within the chamber, achieving

good coherence with experimental data. Although the temperature results

show signicant deviations from the reference measurements, the obtained

temperature distributions closely align with other simulation results reported

in the literature. The two-zone chamber experiment examines the model ca-

pabilities of predicting contaminant transport on a 3D chamber. Simulations

show better correlation to experimental data when the two step algorithm is

implemented. The two stage algorithm could be applied to OR simulations,

as the ow is fully developed before operations starts.

The mathematical model is implemented to simulate the ventilation within

the burned skin treatment OR. The simulated OR features a VLAF-type ven-

tilation system, with extractions on the side walls and ceiling. Inside the room,

it is assumed there are seven people (six standing and one lying down), a sur-

gical lamp, and heat-dissipating equipment. The results of the simulations

indicate that the average contaminant concentration of the OR decreases by

10.7% when installing the partial wall. Furthermore, the ventilation eciency

referred to an equivalent situation of uniform ow increases from 41.7% with-

out the partial wall to 44.6% with the short wall and up to 51.5% with the

real-size partial wall.

The average air age in the roof extraction increases, increasing the excess

time spent inside the OR from negative values of -8.9% and -2.1% for Scenar-
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ios 3 and 2 respectively, to a positive value of 0.9% for Scenario 1. That is,

by installing the partial wall, a portion of the air that previously left the OR

with a residence time less than expected in a uniform situation, now remains

longer inside the OR. The increase in excess residence time, accompanied by

the reduction in ow in the extraction at ceiling level, indicates a decrease in

the short circuit of air.

Inside the contamination zone B, the installation of the partial wall reduces

average contamination concentration in 8,32% compared to scenario 3, with-

out partial wall. Ventilation eciency improves from 44,9% without the partial

wall, to 47,1% with a shorter partial wall and up to 49,0% with the real partial

wall.

The results suggest that the installation of a partial wall improves the air

quality in the room. Moreover, they indicate that a longer wall provides a

greater improvement in air quality compared to a shorter wall.

Future research

Some possibilities to continue the line of research proposed by this work

are:

Monitor air quality in the rooms associated with the IMAEs that interact

with the FNR, observing how the availability of information and com-

pliance with international standards changes, as more audits are carried

out.

Detail a rst draft of regulations equivalent to international standards

applicable to Uruguay with regard to air quality in ORs.

Create sensibility analysis scenarios for simulation parameters, such as

the denition of the contamination area, and the pressure boundary con-

ditions

Further validation of the results through eld measurements

Expand simulated scenarios to include a full-length wall separating con-

tamination area from room periphery (original conditions), and simula-

tion of air curtain where a secondary air injection works as separation

between the contamination area and the periphery.
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