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Abstract 

Surgical site infections (SSIs) remain one of the most challenging postoperative complications 
of healthcare and threaten the lives of millions of patients each year. Current evidence has 
shown a positive relationship between the airborne concentration of bacteria-carrying 
particles (BCPs) in the operating room (OR) and the rate of infections. The OR ventilation is 
crucial for mitigating the dispersion of airborne bacterial contaminants and thus controlling 
the risk of SSIs. A variety of ventilation schemes have been developed for OR use. Each has 
pros and cons and may be better suited than another for operations under certain conditions. 
The proper functioning of OR ventilation is also affected by external and internal disruptions. 
By applying Computational Fluid Dynamics (CFD), the present study investigates the airflow 
and contaminant distribution in ORs under different conditions.  

The airflow distribution is of critical importance in removing or diluting airborne 
contaminants. The conventional mixing ventilation is not able to reliably create an ultraclean 
environment. The usage of mixing ventilation in infection-prone surgery should be limited, 
especially when a large surgical team is involved. Laminar airflow (LAF) ventilation demands 
a sufficient airflow rate to achieve desired performance. Temperature-controlled airflow 
(TAF) ventilation represents an effective ventilation scheme that can serve as an energy-
efficient alternative to LAF. 

Door openings have a detrimental impact on the microbiological cleanliness of the OR. The 
temperature in the OR and adjacent space should be well controlled to minimize the inter-
zonal contaminant transfer. Temporarily reducing the OR exhaust flow during door operation 
forms a directional airflow towards the adjacent space, which is found to be an effective 
solution to ensure the isolation.  

Surgical lamps serve as physical obstructions in the airflow path and significantly deteriorate 
the performance of LAF ventilation. It is highly recommended to improve the shape and 
design of the lamps in the LAF ventilation. TAF is found to be less sensitive to the presence 
of surgical lamps in the airflow path. The buoyancy-driven airflow used by TAF is more 
capable of circumventing obstacles than the inertia-driven flow used by LAF. Thermal plumes 
developed from the surgical equipment in the OR have the potential to distort the buoyancy-
driven airflow in TAF. 

The thesis conducts a comprehensive literature review of important topics in OR ventilation. 
The present study enhances the understanding of the strengths and limitations of different 
ventilation schemes and increases the knowledge of the design and usage of OR ventilation. 

Keywords: operating room ventilation, bacteria-carrying particles, laminar airflow, mixing 
ventilation, temperature-controlled airflow, computation fluid dynamics, Lagrangian particle 
tracking 
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Sammanfattning 

Postoperativa infektioner tillhör idag de mest utmanande komplikationerna inom sjukvården. 
De utsätter årligen miljontals patienter för allvarlig hälsofara. Bevis finns för ett samband 
mellan luftburen koncentration av bakteriebärande partiklar i operationssalen och 
infektionsfrekvensen. Ventilationen i operationssalen är avgörande för att minimera 
spridningen av luftburna bakteriella föroreningar och därmed kontrollera risken för 
postoperativ infektion. För ventilation i operationsrum har olika luftföringsprinciper 
utvecklats. Dessa har för- och nackdelar och vissa kan vara bättre lämpade än andra under 
givna förhållanden. Ventilationens funktion påverkas också av yttre och inre störningar. Med 
numeriska beräkningsmetoder (CFD) undersöks i denna avhandling luftflöden och 
föroreningsspridning i operationsrum.  

Såväl luftflödets fördelning i rummet som luftflödets volym är av avgörande betydelse för 
eliminering och utspädning av luftburna föroreningar. Konventionell omblandande ventilation 
har såväl teoretiska som praktiska begränsningar i detta sammanhang och dess användning 
bör därför begränsas vid infektionsbenägen operation. Detta gäller särskilt vid stora 
operationsteam. Ventilation med så kallat laminärt luftflöde (LAF) kräver tillräckligt luftflöde 
för att uppnå önskat resultat. Ventilation med temperaturstyrt luftflöde (TAF) har befunnits 
vara ett (energi)effektivt alternativ till LAF. 

Dörröppningar till operationssalen har negativ inverkan på den mikrobiologiska renheten i 
rummet. Temperaturen i operationsrummet och angränsande utrymme bör kontrolleras väl för 
att minimera överföring av föroreningar mellan zonerna. Genom att tillfälligt reducera 
frånluftflödet i operationsrummet under dörrdrift bildas ett riktat luftflöde mot intilliggande 
utrymmen som effektiv visat sig säkerställa isoleringen.  

Vissa kirurgiska lampor fungerar som fysiska hinder i luftflödesvägen och försämrar avsevärt 
funktionen vid LAF-ventilation. Därför rekommenderas starkt att inte förbise lampans form 
och placering. TAF-ventilation har visat sig vara mindre känslig för kirurgiska lampor i 
luftflödesvägen. Det termiskt drivna luftflödet vid TAF syns mera kapabelt att klara hinder än 
tröghetsdrivet flöde vid LAF. Värmeplymer som den kirurgiska utrustningen genererar i 
operationsrummet kan påverka det termiskt drivna luftflödet vid TAF.  

Avhandlingen innehåller en omfattande litteraturstudie inom området. Avhandlingen ökar 
förståelsen för olika ventilationsprincipers funktion och kunskapen om hur ventilation skall 
användas i sjukhusmiljöer. 

Nyckelord: operationsrumsventilation, bakteriebärande partiklar, laminärt luftflöde, 
blandningsventilation, temperaturstyrt luftflöde, beräkningsfluiddynamik, Lagrangian particle 
tracking
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Introduction 

1.1 Background 

Indoor air quality has a significant impact on the health and comfort of occupants. In office 
and residential buildings, poor indoor air quality has been linked to Sick Building Syndrome 
and degraded work performance. Over the past decades, indoor air quality has received 
considerable attention from both the academic community and political institutions for 
improving the occupants’ health and wellbeing. In the operating room (OR) environment, air 
quality becomes even more critical and is found to be related to the rate of surgical site 
infections (SSIs), which threaten the lives of millions of patients each year. 

SSIs are “infections of the incision or organ or space that occur after surgery” [1]. Some 
infections can be superficial involving the skin only, whereas some others can be more 
serious and involve deeper tissues under the skin, organs, and implanted material [2,3]. SSIs 
represent the most common healthcare-associated infections among patients [4], constituting 
up to 19.6% of all such infections in Europe in 2011–2012 [5]. In the US, a prevalence survey 
of healthcare-associated infections estimated 157,500 surgical site infections associated with 
inpatient surgeries in 2011 [6]. In Sweden, nearly 65,000 patients suffer from healthcare-
associated infections each year, 23% of which are SSIs [7]. The National Healthcare Safety 
Network in the US reported 16,147 primary incisional SSIs following 849,659 operative 
procedures in 39 procedure categories from 2006 to 2008, with an overall SSI rate of 1.9% 
[8]. The real rate of SSIs is likely to be underestimated as approximately 50% of SSIs become 
evident after discharge from hospital [9]. SSIs remain one of the most challenging 
postoperative complications of healthcare, which contribute substantially to the increased 
mortality, prolonged hospitalization and repeat surgeries [4,5,10–14]. Patients who develop 
SSIs have two to eleven times higher mortality rates than the ones who do not develop SSIs 
[15]. The mortality rate associated with SSIs is about 3%, with 77% of deaths among patients 
who develop SSIs being attributable directly to such infections [10,15]. Depending on the 
type of surgery, SSIs can extend the length of hospital stay by 3–21 days [11]. In addition to 
the negative impact on quality of life for the patient, SSIs also constitute a considerable 
financial burden on healthcare providers [16–18]. Broex et al. [16] reported that a patient with 
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SSI approximately doubles the cost of a patient without SSI. It was estimated that SSIs, on 
average, prolonged the hospitalization by 9.7 days and increased the cost by 20,842 USD per 
admission [13]. 

SSIs are caused by bacteria that enter an open wound during surgery. Due to the catastrophic 
impact of SSIs, there is a growing demand for interventions for the prevention of SSIs. The 
prevention of SSIs includes timely administration of preoperative antibiotic prophylaxis, 
meticulous operative technique, and maintenance of clean operating room environment [3,4]. 
The use of antibiotics has been an essential component for the prevention of SSIs over the 
past decades. However, the reliance on antibiotic prophylaxis cannot continue due to the 
increasing incidence of antibiotic-resistance. Bisht et al. [19] reported that nearly 70% of the 
bacteria that cause hospital infections are resistant to at least one antibiotic agent. Lyon and 
Skurry [20] found that more than 95% of Staphylococcus aureus were resistant to Penicillin, 
which was the first antibiotic agent discovered by Sir Alexander Fleming in 1929. The 
growing resistance to antibiotics has now been considered as a global threat to the human 
race, ranking alongside terrorism [21]. Therefore, more efforts should be spent in limiting the 
spread of airborne bacteria and maintaining clean surgical environments in ORs. 

Strong evidence has been found to support the correlation between the airborne bacterial 
contamination in ORs and the risk of infections. The extensive Medical Research Council 
study of 8,000 total hip and knee replacement at 19 different hospitals established an 
essentially strong linear relationship between the count of viable bacteria in the air and the 
rate of deep infections following surgeries [22,23]. Nowadays it has been widely accepted 
that infection-prone surgeries should not be taken in the environment with airborne bacteria 
concentration higher than 10 colony-forming units per cubic meter (CFU/m3) [24,25]. 
Accordingly, many medical and government agencies have developed standards and 
guidelines that regulate the use of ventilation and stipulate microbiological cleanliness of air 
in ORs.  

1.2 Motivation 

The history of surgical procedures can date back to prehistoric times [26]. By 400 BC, the 
Greek physician Hippocrates had noted the effect of clean air on the prevention of contagious 
diseases [27]. The need for a clean surgical environment was first acknowledged in late 19th 
century, driven by the frequent infections in surgical wounds [28,29]. Nowadays operating 
room ventilation plays an important role in improving microbiological air quality, maintaining 
thermal comfort and optimizing energy usage. The ventilation airflow aims to effectively 
remove or dilute the airborne bacterial contaminants from the surgical critical zone. Over the 
past century, various ventilation schemes have been developed for OR use, such as turbulent 
mixing airflow ventilation, laminar airflow ventilation, displacement ventilation, and hybrid 
ventilation. These ventilation schemes differ in the primary airflow pattern created in the 
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ORs. It still remains debatable among medical professionals and ventilation engineers as to 
the most appropriate ventilation for OR use. The pros and cons of each ventilation scheme 
should be thoroughly analyzed and compared. The applicability of various ventilation 
schemes may also vary with the working conditions. The presence of surgical personnel and 
surgical facilities in the OR may interact with the ventilation airflow and deteriorate the 
ventilation performance. Furthermore, door openings and foot traffic may alter the established 
airflow pattern and causes potential failure of the ventilation. Therefore, it is of great 
importance to investigate the airflow distribution and contaminant dispersion in ORs with 
various ventilation schemes under different working conditions.  

It is believed that critical parameters such as ventilation airflow rates, supply air temperatures, 
and air distribution including the location of supply/exhaust vents should be correctly set to 
provide a clean surgical environment. Thus, the investigation in the present study looks into 
the ventilation schemes and their applicability under different working conditions – varying 
ventilation rates, different number of surgical staff, different heat loads, and different design 
of surgical lamps. This study aims to enhance the understanding of the strengths and 
limitations of existing ventilation schemes and increase the knowledge of the design and 
usage of OR ventilation. 

1.3 Methods 

Traditional measurements have run into problems of both technology and costs. In the context 
of ORs, field measurements are further faced with logistic and ethical constraints. Therefore, 
we develop and apply computer-based airflow and contamination simulation methods to 
ensure reliable infection risk assessment in ORs. We use Computational Fluid Dynamics 
(CFD) to resolve the Reynold Averaged Navier-Stokes (RANS) equations for the airflow and 
Lagrangian particle tracking (LPT) to compute the particle trajectories for the contaminant 

dispersion. The two-equation Realizable 𝑘 𝜀 model is used to model the turbulent flow. The 

Discrete Random Walk (DRW) model is adopted to account for the turbulent dispersion of 
particles. With numerical simulations, we obtain high-quality spatial and temporal distribution 
of bacterial contaminants in ORs. 

The ventilation performance of the ORs in Helsingborg General Hospital is investigated. To 
extend the applicability of our research, we also adopt the OR designed for the New 
Karolinska Solna University Hospital. 

1.4 Limitations 

The present study has been conducted by means of numerical simulations only. Field 
measurements are not performed due to limited time and resources. Despite the fact that the 
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numerical models are well validated against laboratory experiment, there is a lack of adequate 
information of the initial and boundary conditions. Furthermore, the airflow and contaminant 
dispersion are subject to considerable uncertainties in ORs during surgery. Such uncertainties 
cannot be accounted and quantified in numerical simulations. Therefore, field measurements 
in real ORs under working conditions are necessary for future studies. The investigation of 
ventilation performance in this study is limited to specific designs of different ventilation 
schemes. Many other design variants exist for each ventilation scheme. Caution is needed 
when interpreting the findings and extending the conclusions of the present study. 
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2  
 
Literature Review 

2.1 Bacteria-Carrying Particles 

SSIs are caused by bacteria entering incision sites during surgical procedures. Some bacterial 
species are highly capable of causing infections. Staphylococcus aureus (S. aureus), for 
instance, has generally been accepted as the most common cause of SSIs [30–33]. Numerous 
examples of S. aureus causing wound infections have been reported in the literature [34–36]. 
Although bacteria have a wide diversity of shape and sizes, they are often attached to particles 
that are much larger than themselves [37]. It has been reported that the majority of bacteria 
dispersed in an OR are carried on desquamated skin scales, shed from the human body [38–
41]. The human skin has an average area of 1.75 m2 and a complete layer is desquamated on 
average in less than 24 hours [42,43]. During moderate physical activity, a person 
disseminates more than 107 skin scales every day, about 10% of which carry viable 
microorganisms [42,44]. During natural walking movement, a person releases about 104 skin 
scales per minute [45]. Woods et al. [40] estimated a typical generation rate of 6.0 µg/min of 
7.5 µm mean diameter skin flakes for a clothed person. Current evidence in the literature 
indicates that the primary source of bacteria-carrying particles (BCPs) in the OR is the 
surgical team. Many studies have confirmed that the level of airborne BCPs is associated with 
the number of people present in the OR [46–49].  

The skin is an ecosystem of diverse and highly variable habitats colonized by a broad 
diversity of microorganisms [50]. The dispersal of skin bacteria varies greatly from individual 
to individual. Wide variations in both the number of shed skin fragments and the proportion 
of these particles carrying bacteria have been noted [37,41,51], which together can contribute 
to as high as 1000-fold difference in the number of shed BCPs between individuals [52]. 
Males tend to shed more skin bacteria than do females, with males being more heavily 
colonized than females [41,42]. Another striking observation is that the dispersal of S. aureus 
is more profuse among men than women [53,54]. People are found to shed more skin bacteria 
into the air after a shower than before it [55], but the regular use of antibacterial soaps 
containing hexachlorophene or trichlorocarbanilide has shown a statistically significant effect 
on reducing the dispersal of skin bacteria [56,57]. A person may become a so called 
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‘disperser’ of S. aureus if he or she acquires a skin disorder or a septic lesion [31]. The design 
of surgical garments, facemasks, caps, etc., also has a significant effect on the amount of skin 
bacteria transferred to the air [54,58–61]. Surgical clothing serves as filters and retains the 
skin fragments shed from the personnel. Mitchell et al. [58] found that a considerable 
reduction in the dispersal of skin bacteria was achieved with the non-woven fabric clothing 
compared with the conventional clothing made of loose-weave cotton. Thus, there is growing 
need for surgical clothing that is both comfortable to wear and capable of retaining as many 
skin fragments as possible. 

The skin fragments shed from humans have a wide size distribution. Mackintosh et al. [52] 
measured the dimension of dispersed skin fragments and found that they were essentially 
plate-like with a thickness of about 2–5 µm. The minimum projected diameter, defined as the 
distance between two parallel bounding lines, extends below 5 µm and beyond 60 µm [52]. 
Noble [62] measured the size distribution of airborne particles in hospitals and reported that 
the mean aerodynamic diameter of particles carrying S. aureus was 13.5 µm. Noble et al. [63] 
further examined the size of airborne infected particle in offices, hospital wards and operating 
rooms and concluded that micro-organisms related to human disease and carriage were 
usually found on particles in the range 4–20 µm aerodynamic diameter. In their study, the 
median aerodynamic diameter of particles carrying aerobic flora found in operating rooms 
was 12.3 µm. Hansen et al. [64] found that the number of particles above 5 µm was closely 
correlated to the bacteria count in 105 operating procedures. Memarzadeh and Manning [65] 
pointed out that the bacteria-carrying particles shed from humans were in the order of 10 µm 
in diameter. 

2.2 Air Quality Evaluation 

The microbiological quality of air in operating rooms is a key factor in controlling SSIs. 
However, there are no established regulations for air monitoring in operating rooms. The 
literature is divided on the best method to quantify air contamination in operating rooms. 

2.2.1 Particle Counting or Microbiological Sampling? 

Particle counting, as a technique derived from cleanroom technology, is commonly used for 
industry. Particle counting measures the presence of particles of varying sizes and numbers. 
With the use of ultraclean ventilation in operating rooms, there is a tendency to apply particle 
counting for hospital use. Microbiological sampling evaluates the microbiological 
contamination in the environment related to infections and presents the quantity of 
microorganisms in colony-forming units (CFU). Monitoring operating rooms by 
microbiological sampling is time consuming and results are delivered after a couple of days. 
By contrast, particle counting can be done more frequently and deliver online results.  
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There is no international consensus on whether particle counting or microbiological sampling 
is more appropriate to evaluate air quality in ORs. Several studies have analyzed the 
relationship between particle counts and BCPs counts in the air but conflicting results are 
reported. Whether particle counting could be predictive of microbiological contamination of 
air in an OR remains controversial. 

Seal and Clark [66] compared the count of airborne particles in eight size ranges with the 
number of BCPs in both ultraclean and turbulently ventilated operating rooms. They found a 
significant correlation between the number of particles sized 5–7 µm and the level of 
microbiological contamination in ORs. In contrast, Jalovaara and Puranen  [67] observed no 
significant correlation between bacterial and particle counts during surgeries performed in a 
conventionally ventilated OR. A review study by Dharan and Pittet [68] recommended the use 
of particle counting as a routine procedure for air monitoring in operating rooms. They 
suggested that the bacteria sampling should be restricted to the investigation of epidemics, 
validation of protocols, and maintenance procedures of operating rooms. Landrin et al. [69] 
observed an absence of correlation between particle counting and microbiological counting in 
four empty ORs equipped with conventional ventilation via high-efficiency particulate air 
(HEPA) filters. They suggested that particle counting should not replace microbiological 
sampling as routine evaluation of microbial contamination in conventionally ventilated ORs. 
Hansen et al. [64] measured particle and bacteria counts during 105 procedures under laminar 
airflow conditions and found that counts of particles ≥5 µm correlated significantly with 
bacteria counts. Stocks et al. [46] investigated whether the air particulate concentration could 
predict the airborne BCPs concentration during 22 arthroplasty procedures in an OR with 
mixing ventilation. They found that the number of large particles (≥10 µm) correlated with 
the number of BCPs in air sampled within 40 cm from the surgical incision. Cristina et al. 
[70] found no statistically significant correlation between the microbial loads and particle 
counts for either particle size group (≥0.5 µm and ≥5 µm) during 95 arthroplasty procedures. 
They concluded that microbiological monitoring remained the most suitable method to 
evaluate the quality of air in ORs. A large multicenter observational study by Birgand et al. 
[71] found a strong correlation between airborne particle counts and microbial contamination 
during 60 operations in 13 ORs and thus concluded that particle counting could serve as a 
good surrogate of airborne microbiological contamination in operating rooms. 

2.2.2 Passive Air Sampling or Active Air Sampling? 

The microbiological sampling of air in ORs can be performed by two principal methods: 
active air sampling and passive air sampling. In active air sampling, the sampling instrument 
(e.g. a slit sampler) actively pulls in a pre-defined volume of air through or over a collection 
device such as a filter or an agar plate. The microorganisms collected by the collection device 
will be incubated and the level of contamination is expressed as colony-forming units per unit 
volume of air (i.e. CFU/m3). In contrast, passive air sampling requires the use of a settle plate 
(e.g. a Petri dish with a culture medium) exposed to the air for a certain period of time. Viable 
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microbiological particles that eventually sediment out of the air and settle onto the surface of 
the plate over the time of exposure are subsequently incubated. The microorganisms on the 
settle plate are counted and by relating both the plate area and exposure time the level of 
contamination can be presented in the form of CFU/m2/h.  

The passive air sampling is more efficient in sampling larger, faster-settling particles, as 
larger particles are more likely to sediment than are smaller particles [72]. Considering the 
size distribution of BCPs, the passive sampler needs to work continuously over a long time 
period to collect a sufficient amount of microorganisms. In contrast, the active sampler 
samples air over a short time period and thus can reflect the transient effect of individual 
events on the air quality in ORs, such as door openings and foot traffics in ORs [73]. 
However, the passive air sampling is more convenient in practice than the active air sampling, 
as the settle plate is easily available and can be used without additional devices. 

The international standard (ISO19468-1) describes the available air sampling techniques but 
leaves the choice of method open [74,75]. The best method to assess the microbiological 
contamination of air remains debatable and studies in this field are controversial. Some 
researchers recommend the use of passive air sampling, arguing that the surface count of 
bacteria is clinically more relevant to the risk of SSIs than the air count as the airborne 
contaminants that fall onto a critical surface is more harmful [72,76–78]. Napoli et al. [79] 
suggested that both methods could be useful for general monitoring of air contamination but 
the choice should be made depending on the specific information to be obtained. Friberg et al. 
[78] argued that the airborne contamination would be unhelpful in assessing the surgical site 
contamination and thus proposed a corresponding standard for surface contamination <350 
CFU/m2/h as a complement to the accepted standard for airborne contamination <10 CFU/m3. 
Studies have been conducted to compare the level of microbial contamination obtained 
through the two sampling methods. Some studies have documented a significant correlation 
between two methods [72,74,79], whereas some others have found an inconsistent correlation 
[78] or an absence of correlation [80].  

2.3 Ventilation Schemes 

The need for a clean indoor environment for operations was first acknowledged in late 19th 
century, driven by the frequent infections in wounds [28,29]. The provision of ventilation for 
operating rooms has since become increasingly important. The purpose of OR ventilation is to 
provide comfortable working conditions for the surgical personnel and more importantly to 
protect the patient against exogenous bacterial infections [81]. Airborne BCPs can settle 
directly on the open wound or on instruments which subsequently come into contact with the 
wound. A well-designed ventilation system is thus crucial to minimize the risk of airborne 
infections. By supplying sterile air to the operating room, the conditioned airflow should be 
able to effectively remove or dilute the airborne BCPs from the surgical zone. The ventilation 
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system should also control such environmental factors as the temperature, humidity, and air 
movement to maintain an appropriate level of thermal comfort. A variety of ventilation 
schemes have been developed and introduced into medical operations over the past century. 

2.3.1 Mixing and Laminar Airflow 

Operating rooms use two main airflow distribution principles [82,83]. One principle is the 
conventional turbulent mixing ventilation based on the principle of dilution. In an OR with 
mixing ventilation, turbulent air streams are supplied into the room through the ceiling- or 
wall-mounted diffusers and extracted near the floor, which creates highly mixed airflow 
patterns throughout the entire OR. The incoming air is mixed with infected air in the OR and 
thus dilutes the airborne bacterial contamination. The mixing ventilation aims to create a 
uniform low concentration of contaminated air in the operating room. When a sufficient 
amount of air is supplied, the contaminant concentration can be reduced to a level that is 
associated with an acceptable risk of infections. 

Modern ORs tend to adopt the other principle based on the displacement of contaminated air 
– laminar airflow (LAF) ventilation, which directs a linear stream of low-turbulence air to the 
entire operating zone at a high momentum. While not truly laminar, the entire body of air 
flows at nearly identical speed and along parallel streamlines. This creates a unidirectional 
airflow pattern with little turbulence in the surgical zone and avoids mixing with surrounding 
air. Thus, LAF ventilation is also referred to as unidirectional airflow (UDF) ventilation. The 
high speed of incoming air makes it possible to directly wash away the BCPs generated 
within the surgical critical zone. To maintain sufficient momentum of the airflow and ensure 
an adequate washing effect, the discharge velocity at the supply diffuser must be high enough. 
Therefore, the airflow rate necessary for LAF to achieve expected performance can be several 
times greater than those of conventional mixing ventilation [84–86]. 

The concept of LAF originated from the electronic and aerospace industry that demands a 
particle-free environment. Generally, the air is introduced through a HEPA filter, which 
removes 99.97% of particles greater than 0.3 µm in size. The combination of LAF and the 
HEPA filter, defined as ultraclean ventilation, was first introduced to OR use in 1960s [87]. 
To date, LAF has predominately been used for infection-prone surgeries (e.g. orthopedics and 
vascular implant surgeries) to minimize the microbiological contamination of wounds and 
thus the risk of SSIs [88,89]. The performance of the LAF ventilation has been extensively 
investigated and thoroughly compared with the mixing ventilation. The majority of literature, 
including both measurement- and simulation-based studies, has suggested that LAF is 
superior to mixing ventilation, with respect to minimizing the contamination of wounds with 
airborne bacteria [64,65,71,90–92]. Memarzadeh and Manning [65] numerically evaluated 
different ventilation schemes and concluded that laminar airflow, if appropriately designed, 
was the best option for controlling the risk of BCPs deposition on the critical surgical site. 
Some clinical evidence has also confirmed the reduced SSIs rates with LAF ventilation 
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compared with conventional mixing ventilation [88,89,93]. In the landmark study of Lidwell 
et al. [93], the protective effect of LAF was evaluated in a multi-center controlled trial of 
8055 orthopaedic procedures in 1970s and the SSIs rate decreased from 1.5% in the control 
(non-LAF) group to 0.6% in the LAF group. Bosanquet et al. (2013) undertook a 
retrospective review of 170 vascular procedures performed over a one-year period and found 
a statistically significant reduction in SSIs incidence with LAF. 

However, some recent publications have questioned the protective effect of LAF in 
preventing SSIs and even suggest that the use of LAF may have a negative effect on infection 
rates [94–99]. Brandt et al. [94] performed active SSIs surveillance of 99,230 orthopaedic and 
general surgical procedures in 63 surgical departments stratified according to the type of 
ventilation: conventional mixing ventilation with HEPA filtration and HEPA-filtered LAF 
ventilation. The authors noted a significantly higher risk for severe SSIs after hip prosthesis 
using LAF ventilation, with an odds ratio of 1.63 as compared with the conventional mixing 
ventilation. Hooper et al. [97] made a retrospective review of data from New Zealand Joint 
Registry and documented a statistically significant increased deep infection rates after 
prosthetic hip and knee surgery in LAF ventilated ORs compared with conventionally 
ventilated ORs. A systematic review and meta-analysis by Bischoff et al. [99] suggests that 
LAF ventilation confers no benefit compared with conventional mixing ventilation in 
reducing the risk of SSIs in orthopaedic and abdominal surgery. Based on their findings and 
cost-effectiveness analyses in the literature, the authors strongly recommend that LAF 
ventilation should not be installed in new operating rooms.  

The contradictory clinical evidence in the literature may be ascribed to the inappropriate 
design and use of LAF, poor compliance with OR protocols, and OR traffic [100]. Diab-
Elschahawi et al. [85] evaluated the impact of LAF ceiling size and noted significantly 
reduced bacteria contamination of the instrument tables in the larger sized LAF. Korne et al. 
[101] assess the compliance with best practice in the placement of instruments tables and 
other sterile devices within the LAF protection zone and found a compliance rate of less than 
10%. Smith et al. [102] noted that increased OR traffic, measured by the number of door 
openings, was associated with significantly increased bacterial contamination. Other studies 
also show that the air supply velocity, the convective heat dissipation, and the obstructions in 
the airflow paths such as medical lamps, as well as personnel movement in the OR, may 
easily disrupt the unidirectional airflow and hence strongly influence the BCPs dispersion and 
deposition [103–111]. Cao et al. [112] measured the air speed above the lying patient in two 
real ORs equipped respectively with LAF and mixing ventilation and found that the airflow 
distribution of LAF could be greatly affected by surgical facilities. They therefore considered 
mixing ventilation a more robust method of delivering air to ORs. In a recent study, Jain and 
Reed [113] reviewed the current evidence behind LAF and provided important 
recommendations for the effective use of LAF in the operating room environment. 

The installation and validation of LAF are more expensive than those of conventional mixing 
ventilation [68,99]. LAF also requires continuous technical maintenance and results in 
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considerably high energy use [64,100]. Evans [114] documented a cost of 60,000–90,000 
USD for the installation of an exponential LAF system in a new OR. An Italian study reported 
that LAF was 24% more expensive than the conventional mixing ventilation in terms of 
installation costs and 34% more expensive in terms of operation costs [115]. The installation 
of LAF in an existing OR can be even more prohibitive due to site and financial constraints. 
Thus, a mobile laminar airflow unit is sometimes used in combination with turbulent mixing 
ventilation to improve the air cleanliness at the surgical area and instrument tables [116–119]. 
Friberg et al. [119] evaluated the performance of a mobile LAF unit as an addition to the 
conventional mixing ventilation and found that the use of a mobile LAF unit reduced the 
bacterial contamination to the same level as the complete LAF ventilation. 

2.3.2 Temperature-Controlled Airflow 

An alternative ventilation scheme, named temperature-controlled airflow (TAF), has recently 
been developed for OR use [24]. In contrast to the conventional mixing and LAF ventilation, 
TAF supplies air at different temperature levels and controls the air movement based on the 
temperature gradient. Specifically, cool air is discharged into the operating zone from ceiling-
mounted central diffusers to displace the contaminated air, whereas warm air is dispersed into 
the periphery of the OR through surrounding diffusers to further dilute the airborne BCPs 
concentration. The central supply air is kept about 1.5–3°C cooler than the ambient air in the 
OR and thus the incoming air is accelerated by gravity due to density difference and falls 
down to the surgical zone. The downward air streams are expected to overcome the 
convective currents developed from the heat sources – that is, the surgical staff, surgical 
equipment and lamps – and wash BCPs away from the patient and sterile instruments. The 
downward air velocity, dictated by the temperature difference between the incoming air and 
the ambient room air, should be sufficient for the clean air to reach the surgical site and 
provide the adequate washing effect. Hence, TAF can be deemed as a combination of features 
of conventional mixing ventilation that dilutes the microbiological contamination and 
unidirectional airflow ventilation that directly removes the airborne BCPs. 

The TAF ventilation system has so far been installed in several hospitals in Sweden, 
Germany, Switzerland, the Netherlands and the United States. Based upon the information 
from Swedish hospitals, the installation cost for the TAF system is higher than for 
conventional mixing ventilation systems. However, our research works have shown that the 
TAF ventilation is more capable of providing an ultraclean environment than the mixing 
ventilation and is more energy-efficient than the LAF ventilation. 

2.4 Door Opening and Foot Traffic 

ORs may have door openings in direct connection to uncontrolled areas such as corridors that 
are more contaminated. Ljungqvist et al. [120] measured the airborne BCPs concentration in 
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the corridor and found that the level of contamination could be as high as 180 CFU/m3. A 
well-designed ventilation system should not only establish an appropriate airflow pattern to 
efficiently dilute or remove BCPs that originate from inside the OR but also be able to prevent 
the migration of contaminants from the surrounding hospital environment. To that end, ORs 
are usually maintained at a positive pressure relative to adjacent spaces to prevent the entry of 
contaminated air through gaps and cracks from areas outside the OR. The positive pressure 
acts as a barrier against spaces with lower air cleanliness as contamination is transferred in the 
direction of decreasing static pressure [121]. Pressure difference has been proved to be an 
effective measure to realize static isolation in clean rooms [122] and hospital isolation rooms 
[123]. Many national standards and guidelines also mandate positive pressure in ORs to keep 
out airborne contaminants. However, opening the OR door can defeat the positive pressure 
and allow air exchange between two spaces. Instantaneous airflow measurements in an empty 
OR have shown that the door opening permits an inflow of air even under isothermal 
conditions [124]. 

The mechanism driving the airflow through an open door is a combination of several factors: 
the temperature difference, the pressure difference, ventilation airflow, human passage, and 
the motion of the door itself. Some early studies attempted to derive analytical expressions to 
quantify the air volume migration as a function of temperature difference [125–128]. More 
recent research has focused on the effect of door opening and closing on the containment 
failure in isolation rooms using scale models [121,129,130,130–133], full-scale mock-ups 
[134–136], and CFD simulations [137–144]. The majority of such studies have concentrated 
on hinged doors and evaluated the door swing pumping effect caused by the motion of a 
hinged door [129–132,137,140]. While hinged doors are common in hospital isolation rooms, 
modern ORs tend to use sliding doors. Several studies have compared sliding doors and 
hinged doors and found that sliding doors induce smaller air volume exchange than hinged 
doors [133,135,136,139]. However, further analyses showed that the gravity (or buoyancy)-
driven flow dominates the air exchange through the doorway [142] and the difference 
between the two types of doors becomes insignificant when a temperature difference is 
involved [139].  

The frequency and duration of door openings depend on the type of surgery. Lynch et al. 
[145] recorded 5–87 door openings per hour from 28 procedures, with one door cycle taking 
approximately 20 seconds. Elliott et al. [146] observed that the average door openings ranged 
from 33 per hour in general surgery to 54 per hour in cardiac surgery. For total joint 
arthroplasty, several observational studies reported 0.62–0.85 mean door openings per minute 
[102,145,147]. The majority of literature has found a strong negative impact of door openings 
and corresponding foot traffic on the OR environment. Statistical studies based on 
measurements during surgery have shown that door openings are associated with increased 
environmental contamination in ORs [47,92,102,148–150]. For instance, Mathijssen et al. 
[148] suggested that a single door opening contributed to a 5% increase in the odds of 
microbial contamination ≥20 CFU/m3. However, Alsved et al. [24] found no significant 
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correlation between the total number of door openings per surgery and the average BCPs 
concentration at the wound. As explained by the authors themselves, this was due the low 
number of door openings and low BCPs concentration in the corridor outside the OR. Several 
studies also show that door openings and corresponding foot traffic are directly associated 
with the rate of SSIs. Babkin et al. [151] found that keeping the door shut led to a decrease in 
SSIs rates. Crolla et al. [152] noted a significant correlation between the development of SSIs 
and higher number of door openings in a cohort study of 1537 colorectal procedures. These 
studies confirm that controlling OR foot traffic is critical for the prevention of infections. 
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Methodology 

Experiments and CFD simulations are two approaches commonly adopted to investigate 
indoor air movement, temperature, and contaminant distribution. Compared with the 
experimental approach, CFD can provide rich information about the air distribution and offer 
great possibilities to conduct parametric analyses. Such features have made CFD a powerful 
tool in analyzing and designing indoor ventilation systems. When it comes to ventilation in 
ORs, it is rather difficult to conduct high-quality measurements due to logistical and ethical 
constraints. Many previous studies have utilized CFD to predict the ventilation airflow and 
particle dispersion (e.g. [21,25,103,104,106,153,154]). In this thesis, only the CFD approach 
is adopted to investigate the performance of OR ventilation schemes and relevant influential 
factors. To ensure the accuracy and reliability of the simulation results, the numerical models 
used in the CFD simulations are validated against well-documented benchmark measurements 
available in the literature. 

3.1 Physical Cases 

3.1.1 Helsingborg General Hospital 

The ORs in Helsingborg General Hospital (Helsingborgs lasarett) are selected as the physical 
model for Papers II, IV, and VI. Helsingborg General Hospital is an emergency care hospital 
that operates 24 hours a day, located in Helsingborg, Sweden. There exist three rectangular-
shaped ORs in the hospital, which measure L 6.4 m × W 6.3 m × H 3.0 m. They are identical 
in size but use three distinct ventilation schemes: LAF, TAF and mixing ventilation. The 
selected ORs are used by the Orthopaedic Surgery Department, which hosts approximately 
2500 orthopaedic surgical procedures each year [24]. The physical configurations of the ORs 
are presented in Figure 1. 

As depicted in Figure 1a, the first OR is ventilated by a vertical LAF unit at an airflow rate of 
12000 m3/h (i.e. 100 ACH). Clean air is supplied to the OR from a (2.78 m × 2.78 m) ceiling 
diffuser, resulting in a supply velocity of 0.43 m/s. Partial walls enclosing the ceiling diffuser 

Chapter 
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are adopted to strengthen the unidirectional airflow. The partial walls terminate at 2.1 m 
above the floor, which separate the clean zone and the periphery of the OR. Room air is 
extracted mainly through eight (0.90 m × 0.38 m) top vents in immediate adjacency to the 
partial walls and partly through three (0.6 m × 0.3 m) side vents on one sidewall. 

The second OR is provided with TAF ventilation, as shown in Figure 1b. The cool air is 
discharged into the surgical zone through eight semi-spherical diffusers evenly mounted in a 
circular platform, whereas the warm air is dispersed into the periphery of the OR through 
eight additional ceiling-mounted diffusers in a parallel arrangement. All diffusers are identical 
in size and each one has a surface area of 0.16 m2. The TAF ventilation operates at an airflow 
rate of 5600 m3/h (i.e. 46 ACH). The supply air is evenly distributed between the diffusers 
and exhausted by four (0.56 m × 0.46 m) low-level vents, located on two opposite-facing 
sidewalls near the corners of the OR. 

Figure 1c presents the third OR with conventional turbulent mixing ventilation, which 
operates at an airflow rate of 3200 m3/h (i.e. 26 ACH). The supply diffuser is located on the 
top of one sidewall, over the full length of the wall with a width of 0.64 m. Outgoing air is 
evacuated through six (0.6 m × 0.3 m) return grilles on the opposite sidewall: three at the 
ceiling and three at the floor levels. 

 

Figure 1. Isometric view of the OR configurations in Helsingborg General Hospital. 
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3.1.2 New Karolinska Solna University Hospital 

The OR designed for the New Karolinska Solna University Hospital (NKS) is chosen as the 
physical model in Papers III, V, and VII. NKS is the new university hospital built in Solna, 
Sweden. The OR has an overall dimension of L 8.6 m × W 7.7 m × H 3.2 m.  The OR is 
separated from the adjacent corridor (COR) by a partition wall with a thickness of 0.2 m. The 
corridor measures L 7.5 m × W 2.8 m × H 3.2 m. The partition wall was opened up to create a 
doorway, which measures L 1.5 m × H 2.1 m. Figure 2 shows an isometric view of the OR 
and corridor.  

The OR is installed with a turbulent mixing ventilation system. As shown in Figure 2, clean 
air is supplied to the OR through 24 diffusers in the ceiling at a total airflow rate of 2.0 m3/s. 
Each diffuser has a dimension of 0.6 m × 0.6 m and contains 9 × 9 nozzles. The arrangement 
of the nozzles directs the majority of the supply air to the periphery and rest to the center of 
the OR. The supply opening that hosts all supply diffusers covers a projected area of 8.64 m2. 
Air is extracted from the OR through four (0.90 m × 0.45 m) low-level exhaust vents. 

The LAF and TAF ventilation had also been proposed in the design phase of the OR. The 
LAF ventilation was described in Paper V and the TAF ventilation in Paper VII. 

 
  

 

Figure 2. Isometric view of the OR configuration and the adjacent corridor in the New 
Karolinska Solna University Hospital. 
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3.2 Airflow Simulation 

3.2.1 Governing Equations  

The airflow simulation model is built upon the fundamental laws of physics – the 
conservation law of mass, momentum, and energy. A set of equations that govern the three-
dimensional behavior of airflow are derived from the conservation laws. These equations can 
be written in the general form of a transport equation, which consists of a transient term, a 
convection term, a diffusion term and a source term [155]: 

( )
( ) ( )V S

t  
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where 𝜌 is the air density, �⃗� is the air velocity vector,  denotes the transported quantity, Γ  

is the (effective) diffusion coefficient of  , and S  is the source term. By assigning the right 

values for  , Eq. 1 can represent any of the conservation equations. When 1  , Eq. 1 

becomes the continuity equation, which describes the conversation of mass; when   

represents each of the three velocity components, Eq. 1 turns into the momentum equations, 

which dictates the conservation of momentum; when the air enthalpy is assigned to  , Eq. 1 

becomes the energy equation. 

3.2.2 Turbulence Modelling 

One of the major challenges in indoor airflow simulation is the turbulent flow. The complex 
state of indoor airflow and heat transfer imposes strict requirements for appropriate turbulence 
treatment. The Direct Numerical Simulation (DNS) or Large Eddy Simulation (LES) is 
capable of resolving turbulence with sufficient accuracy. However, the required 
computational resources are highly demanding. Due to the scale and complexity of indoor 
airflow simulations, DNS or LES has still been beyond the scope of practical applications. 
Due to its low computational cost and reasonable accuracy, the Reynolds Averaged Navier-
Stokes (RANS) simulation serves as a good alternative.  

The RANS approach relies on the closure of the Reynolds stress tensor, which can either be 
directly computed from transport equations for each individual component (Reynolds-stress 
models) or modelled by the eddy-viscosity hypothesis – a relationship with the mean flow 
through the turbulent viscosity. Among all eddy-viscosity based turbulence models, the two-

equation 𝑘 𝜀 models are the most commonly used ones for a broad range of engineering 

applications and indoor airflow simulations [156]. The 𝑘 𝜀   models solve two transport 

equations for turbulent kinetic energy 𝑘  and dissipation rate 𝜀 . The turbulent viscosity is 

constructed through 2 /t C k   , where C  is a critical coefficient. The two-equation 𝑘 𝜀 



3.2. AIRFLOW SIMULATION 

 19 

models are computationally efficient and stable, compared with more sophisticated Reynold 
stress models [157].  

The present study adopts the Realizable 𝑘 𝜀  model, a relatively recent variant of 𝑘 𝜀 

models developed by Shih et al. [158]. In the Realizable 𝑘 𝜀  model, the transport equation 

for 𝜀  is derived from an exact equation for the transport of the mean-square vorticity 

fluctuation. The derivation of the model satisfies certain mathematical constraints on the 
Reynolds stresses and thus the model is consistent with the physics of turbulent flows. 

Compared with other variants of 𝑘 𝜀 models, the Realizable 𝑘 𝜀 model is expected to 

provide superior performance for flows involving boundary layers under strong adverse 

pressure gradient. The Realizable 𝑘 𝜀  model has shown its capability of accurately 

predicting indoor air flow and heat transfer in previous research works (e.g. [21,25,153,159]) 
and has been proven to be appropriate for complex indoor environment simulations [160,161]. 

In the Realizable 𝑘 𝜀  model, C  is not a constant like in the standard 𝑘 𝜀  model but 

varies as a function of mean flow and turbulence properties. More detailed descriptions of the 
model can be found in Shih et al [158]. 

3.2.3 Boundary Conditions 

The conditions at the boundaries of the computational domain need to be specified in order to 
solve the aforementioned equations. The correct setup of boundary conditions plays a crucial 
role in achieving valid and reliable simulation results. The boundary conditions adopted in all 
simulations in this study are given below. 

The no-slip condition is used for velocity at solid surfaces including all OR walls and exposed 
surfaces of staff and furnishings. Constant heat flux is specified at the heat-emitting surfaces 
of internal heat sources including the surgical staff, medical equipment and the downward-
point face of surgical lamps. Other solid surfaces are all set as adiabatic walls (i.e. zero heat 
flux). The thermal radiation is neglected and thus all sensible heat loads are taken as 100% 
convective. Due to the large ventilation rate in ORs, this simplification proves to have little 
impact on the simulation results and conclusions [106,162].  

The ‘pressure-outlet’ condition is specified at air exhaust openings in all simulations except 
the ones in Paper III where the ‘outlet-vent’ condition is adopted. The ‘velocity-inlet’ 
condition is used at the air supply openings. Depending on the type of supply diffusers, a 
uniform or pre-simulated non-uniform velocity profile is imposed at the air inlets. The inlet 
conditions for corresponding turbulent quantities are determined from the turbulent intensity 
and hydraulic diameter at the supply openings. 

A turbulent intensity ranging 5–20% is selected in the simulations based on the type of 
ventilation. The supply air temperature at the inlets is taken as 20°C for LAF and mixing 

ventilation. In the TAF ventilation, the central diffusers supply air at 18.5 ℃, whereas the 
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temperature at the surrounding diffusers is adapted so as to establish a 1.5–3°C temperature 
gradient. 

3.2.4 Numerical Aspects 

The aforementioned conservation equations are solved by the finite volume method (FVM) – 
the most common approach in CFD. The computational domain is subdivided into a finite 
number of small control volumes (i.e. cells). The control volumes do not overlap and fill the 
spatial domain completely. The solution variables are defined at the centroid of control 
volumes and the conservation of relevant properties is satisfied in each control volume. By 
integrating the conservation equations over each control volume, FVM converts the partial 
differential equations into a system of algebraic equations. 

In FVM, the volume integral of a differential term is transformed into the surface integral 
using the divergence theorem, which is evaluated as fluxes at the faces of each control 
volume. The face values of relevant variables are calculated from the centroid values of 
neighboring control volumes by various discretization schemes. Therefore, the discretization 
schemes are important in determining the accuracy of the numerical solutions. In the present 
study, the ‘second-order upwind’ scheme is used to discretize all the convective terms and the 
central-difference scheme is adopted for the discretization of the diffusion terms. A staggered 
scheme named PRESTO! is used to compute pressure values at cell faces. The PRESTO! 
scheme is recommended for flows with high swirl numbers and high-Rayleigh number natural 
convection. For transient simulations, a first-order implicit formulation is employed for the 
temporal integration. 

The resulting algebraic equations are non-linear and coupled with each other. An iterative 
process is necessary to simultaneously solve these equations. The widely used procedure in 
CFD to solve the discretized flow equations is the Semi-Implicit Method for Pressure Linked 
Equations (SIMPLE). Therefore, the SIMPLE algorithm is chosen in this work for both 
steady and transient simulations. 

3.2.5 Mesh and Convergence 

For indoor environment simulations with contaminant dispersion, the mesh should be 
sufficiently fine to accurately resolve the turbulent flow field and compute particle 
trajectories. Mesh refinement is applied to the regions with high gradients of transported 
quantities (e.g., air inlets, air outlets, and surgical critical zones) to capture the detailed flow 
characteristics. 

The meshes used in the present work are sufficiently fine to resolve the near-wall viscous 
sublayer. Consequently, the log-law wall functions are no longer valid for such fine meshes. 
The ‘Enhanced Wall Treatment’ is thus employed to treat the turbulent boundary layers in the 
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near-wall region. EWT is a hybrid near-wall formulation, which combines a two-layer model 
with a blending function to implement a smooth transition between the viscosity-affected 
region and the fully-turbulent region. The use of EWT alleviates the strict requirements for 
gird resolutions in the near-wall region, as it is designed to work well for a diversified mesh 
resolution ranging from low-Reynolds-number meshes to intermediate meshes and to wall-
function meshes. 

Grid convergence analyses are always performed to ensure reasonable grid-independent 
solutions. The mesh is continuously refined until no significant differences in airflow 
properties and particle concentration can be observed. Numerical convergence is judged using 

several criteria. The convergence criterion for the scaled residuals is set 81 10  for the 

energy equation and 51 10  for all other equations. The overall mass and heat balance is also 

checked and the net imbalances is less than 0.5% of the smallest flux through the domain 
boundary upon completion of the simulation. In addition, to guarantee a stable steady 
solution, values of solution variables are monitored at specified locations to ensure no 
significant changes between iterations. 

3.3 Door Motion Simulation 

The simulation of transient flow due to the motion of a door or any object can be handled 
directly and indirectly [163]. The direct simulation implements the real movement of the real 
‘object’ inside the computational domain, which requires updating the volume grid at each 
instant in the region affected by the motion. Some previous studies have adopted the dynamic 
mesh technique (e.g., mesh deformation and remeshing) to simulate the door opening and 
closing [138,143,164]. During runtime, a new mesh is generated at each time step by 
deforming the old mesh or remeshing the deforming zone accordingly. The dynamic mesh 
simulation demands substantial computational cost and is also face with mesh quality issues. 
The mesh-to-mesh interpolation also introduces errors into the solution. The indirect 
approach, by contrast, considers only the influence of the object movement on the flow, 
which is mainly based on defining specific source terms in the governing equations [163]. By 
applying a momentum source to the flow with assigned values in the region containing the 
object at a specific instant, the fluid is forced to move following the motion of the object. This 
indirect approach has also been adopted in previous research works to simulate the door 
opening and closing [141,142,165]. The main disadvantage of the indirect approach is the 
uncertainty and inaccuracy. Applying a momentum source is not able to fully stop the flow 
through the door body and a small leakage occurs. 

Paper III adopts a simplified direct approach to simulate the motion of a sliding door. In this 
simplified approach, the door is modelled as an internal wall of zero-thickness. The boundary 
mesh at this internal wall is divided into a number of rectangular sections, each corresponding 
to a specific door position. During the door opening and closing process, the effect of the door 
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motion is obtained by running a Fluent Scheme script that continually updates the type of the 
boundary mesh for each door position. Despite having discrete door motions, this approach 
can overcome the numerical difficulties in the dynamic mesh technique and avoid the 
uncertainty in the indirect approach. A similar approach was employed by Carneiro et al. 
[166] and achieved success in simulating the opening of both a sliding door and a hinged door 
in cold rooms. 

In Paper III, the complete cycle of door opening and closing takes 20 s. The door starts to 
open at t=0 s and becomes fully open at t=5 s. The door remains fully open for the next 10 s 
(i.e. up to t=15 s) and takes another 5 s to close (from t=15 s to t=20 s). The door moves at a 
speed of 0.30 m/s. The model of the sliding door is shown in Figure 3. A total of 50 sections 
are created to simulate the door motion; so each section corresponds to an opening width of 
0.03 m for a total opening of 1.5 m. Thus, the type of the boundary mesh zones is updated 
every 0.1 s during runtime in the simulation. 

 

  

 

Figure 3. Modelling the motion of a sliding door – sequentially changing the boundary type 
from the 1st to 50th sections. 
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3.4 Particle Transport Simulation 

3.4.1 Eulerian and Lagrangian Formulation 

The numerical simulation of particle transport carried by turbulent airflow requires the 
modelling of the continuous phase – the airflow, the discrete phase – the particles, and the 
interaction between them. The airflow is most commonly modelled using the Eulerian 
formulation, as presented in the previous subsection. Approaches begin to differ in the 
modelling of particle motions. There are generally two distinct strategies for modelling 
particles transport: the Eulerian method and the Lagrangian method. The Eulerian approach 
treats the particle phase as a continuum and solves the particle statistics from a transport 
equation in the form of Eq. 1, established using particle and flow field properties. The particle 
concentration is thus obtained at each point of the numerical domain. The Lagrangian 
formulation, on the contrary, directly considers the discrete phase of particles and tracks the 
pathways of each individual particle based on the equation of motion. By tracking a large 
number of particles, the spatial and temporal development of particle dispersion can be 
predicted from the statistics of particle trajectories. Thus, the Lagrangian method is often 
referred to as Lagrangian particle tracking (LPT).  

The Lagrangian formulation provides a deeper insight into particle dynamics than the 
Eulerian formulation. Nevertheless, the Lagrangian formulation is rather computationally 
expensive as a sufficiently large number of particle trajectories need to be computed to obtain 
statistical convergence. In the Eulerian formulation, on the other hand, the particle 
concentration becomes stable once the simulation is converged. Furthermore, additional post-
processing is required in the Lagrangian framework to obtain the statistical information such 
as the particle concentration from an enormous number of computed particle trajectories. 

The applications of the two approaches in indoor environments have been extensively 
validated against experiment in the literature. Good agreements with measured data have been 
observed for both approaches [167–171]. 

3.4.2 Lagrangian Particle Tracking 

Both the Eulerian and Lagrangian approaches have been successfully applied in previous 
studies to simulate BCPs transport in ORs (e.g., Ref. [103,104,106] using the Eulerian 
approach; Ref. [21,25,153] using the Lagrangian approach). The present study adopts the 
Lagrangian approach, which predicts particle trajectories by solving the following particle 
motion equation 

( )
( )p p

D p
p

du g
F u u F

dt
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where 𝑢 is the velocity, ρ is the density, and g  is the gravitational acceleration; the subscript 

𝑝 denotes particle related variables whereas unsubscribed symbols refer to airflow quantities. 

Eq. 2 is a direct result from the Newton’s second law for a particle in spherical shape. The 
location and velocity components of a particle can be computed by integrating Eq. 2 along the 
particle trajectory.  

The left hand side of Eq. 2 represents the inertial force (per unit mass) and the terms on the 
right hand side are body forces that act on the particle. The first term on the right hand 
represents the drag force (per unit mass), which is linked to the air-particle velocity difference 

through the inverse of particle relaxation time 𝐹  – to be discussed below. The second term 

refers to the gravitational or buoyant force due to the action of gravity. The third term is used 
to incorporate additional forces exerted on the particle, which may, depending on the particle 
properties and flow conditions, include the pressure gradient force, the thermophoretic force 
due to temperature gradient, the Brownian force, the Saffman’s lift force due to shear, and 
unsteady forces such as the virtual mass effect and Basset force caused by the acceleration of 
particles with respect to the airflow.  

According to the analysis by Zhao et al [172], the pressure gradient force, the Basset force, 
and virtual mass effect are at least two orders of magnitude smaller than the drag force and 
can be neglected without compromising the accuracy. The Brownian force and Saffman’s lift 
force may become comparable to the drag force when sub-micron particles are considered in a 
flow field. Chang and Hu [173] investigated the transport mechanisms of size-dependent 
airborne particulate matters in the indoor environment. They concluded that the Brownian 
force cannot be neglected for particle size smaller than 0.5 µm and the Saffman’s lift force is 
important for a specific range of particle size between 2.5 and 5 µm. 

DF  is the inverse of particle relaxation time  , computed by 
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where 𝜇 is molecular viscosity of the air, 𝜌  is the particle density, 𝑑  is the particle diameter, 

𝐶  is the drag coefficient, and 𝑅𝑒  is the particle Reynolds number defined as 
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The drag coefficient 𝐶  in Eq. 3 is dependent on the particle Reynolds number. For a smooth 

spherical particle, 𝐶  can be evaluated from Morsi and Alexander’s empirical drag law [174] 
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where 𝑎 , 𝑎 , and 𝑎  are piecewise constants that apply over a broad range of 𝑅𝑒 . 

The modelling of interaction between airflow and particles and between particles themselves 
depends on the strength of coupling. The types of coupling can be determined by the volume 
fraction of particles [175]. For indoor aerosol applications, the particle volume fraction is 
sufficiently low and the impact of particles on the airflow field is negligible [170,176]. Thus, 
a one-way coupling between airflow and particles is assumed in the present study, that is, 
from airflow to particles but not vice versa. In steady-state simulations, the turbulent airflow 
field is resolved in the first place and particles are injected into the flow domain afterwards. In 
dynamic simulations, the particle tracking always coincides with the flow time of the transient 
flow solver.  

Particle trajectories terminate at the boundaries of the computational domain. Specifically, 
particles are considered as leaving the domain when they reach the air exhaust openings (i.e., 
the ‘escape’ boundary condition). On the other hand, particles are assumed to be ‘trapped’ 
after impacting onto a solid surface, since they usually cannot accumulate enough rebound 
energy to overcome adhesion [177]. Such a treatment is typical for indoor aerosol applications 
and has been adopted by a majority of previous studies (e.g. [170,172,176,178,179]). 

3.4.3 Discrete Random Walk 

The dispersion of particles due to turbulence is predicted by the Discrete Random Walk 
(DRW) model. The DRW model takes into account the effect of instantaneous turbulent 
velocity fluctuations on the particle trajectories using stochastic tracking. Specifically, the 
turbulent dispersion of particles is predicted by integrating Eq. 2 for each individual particle 
along the particle path, using the instantaneous flow velocity expressed as  

u u u'   (6) 

which is the sum of the mean airflow velocity 𝑢 and the fluctuating velocity 𝑢 . Assuming 

isotropic turbulence, the component of the fluctuating velocity can be evaluated from the 
turbulent kinetic energy 

2 2 / 3i i i iu' u' k    (7) 

where  is a random variable following Gaussian distribution with zero mean and unit 

variance. The value of  is kept constant over a time interval of one eddy interaction, which is 

the smaller of the eddy lifetime et  and the eddy crossing time crosst  
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where intt  is the interaction time between particles and the fluid eddy, /L LT C k   is the fluid 

Lagrangian integral time with 0.15LC   for the 𝑘 𝜀 turbulence models,  is the particle 

relaxation time, and 
3/4 3/2 /el C k   is the eddy length scale. When the interaction with the 

current eddy is ended (i.e., t is reached), a new value of the fluctuating velocity will be 

obtained by applying a new value of  .  

With the DRW model, two particles with the same initial condition may have different 
trajectories. When a sufficient number of particles are tracked, the stochastic tracking leads to 
an equivalence of effective diffusion of particles in turbulent flows. 

The isotropic turbulence is implied in the DRW model when obtaining the instantaneous flow 
velocity. In the presence of walls, however, particle deposition is dictated by phenomena in 
the boundary layer. Within the viscous sublayer, the flow is highly anisotropic and the normal 
component of turbulence intensity is order of magnitude smaller than its counterparts parallel 
to the wall (i.e., stream-wise and span-wise). The isotropic decomposition of the turbulent 
kinetic energy may lead to over-prediction of particle deposition [180,181]. Thus, researchers 
have developed different variants of the standard DRW model to account for the anisotropic 
turbulence in the boundary layer. However, it is noted that the DRW model works well when 
the near-wall grid is sufficiently fine, like those used in DNS simulations [182,183]. In this 
study, an inflation of boundary layers is applied to the walls with sufficient mesh refinement 
to resolve the near-wall viscous sublayer. The resulting non-dimensional wall distance of first 

layer cells has been kept in the range 1 𝑦 5 for the majority of the wall surfaces. In 

addition, Lai and Chen [171] found that super-micron particles are not sensitive to the near-
wall turbulence anisotropy. On the other hand, the unsmooth and rough wall surfaces in 
operating rooms may lead to more particle deposition when the dispersed particles have a 
diameter of 1-10 µm [184]. Considering the size of BCPs, the standard DRW model 
employed in the present study is capable of providing sufficient accuracy in the prediction of 
particle transport. 

3.4.4 Particle Concentration 

Both the surface BCPs contamination (in CFU/m2/h) and airborne (volume) BCPs 
contamination (in CFU/m3), representing the results of passive and active air sampling in 
measurements respectively, are reported in the present study. To mimic the passive sampling, 
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the entire upper surface of the operating table and instrument tables are taken as the settle 
plates. The number of particles that impact onto these surfaces is monitored and scaled, 
assuming that the OR is exposed to airborne contaminants over a period of one hour. The 
airborne contamination is evaluated as the average volume concentration in a pre-defined 
volume centrally positioned above the operating table.  

The volume concentration of particles can be computed from the particle trajectory 
information through the particle source in-cell (PSI-C) scheme [176]. The following formula 
calculates the particle number concentration 

,1
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N

i i ji
p j

j

n t
C

V
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where index i  and j  denote the i th  trajectory and the j th  cell respectively, 
pC  is the 

mean particle concentration in a cell, V  is the volume of the computational cell, 𝑛 is the 

number flow rate of each trajectory, and ,i jt  is the time required for a particle to traverse the 

j th  cell along the i th  trajectory, that is, the particle residence time. 

Due to the stochastic nature of the DRW model, an adequate number of trajectories need to be 
computed to reach statistical convergence. As the number of trajectories increases, the 
fluctuation between solutions diminishes. The appropriate number of trajectories is case 
dependent. It is suggested that the statistical analysis should start from a sample size that is 
comparable to the number of concentration cells [176]. In the present study, the number of 
trajectories is continually increased until the particle concentration becomes statistically 
stable. 

Certain engineering standards and design guidelines for hospital ventilation recommend the 
use of the dilution model to estimate the level of contamination at a given airflow rate or the 
required airflow rate for a given level of contamination. Assuming perfect dilution with fully 
mixed airflow, the airborne contamination can be estimated from the following analytical 
formula: 

p sn q
c

Q


  (10) 

where c  is the airborne BCPs concentration (CFU/m3), pn  is the number of persons (i.e., 

surgical staff), sq is the source strength of BCPs releasing from a person (CFU/s), and Q is 

the airflow rate (m3/s). The dilution model implies that increasing the airflow rates will 
proportionally decrease the airborne contamination. 
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3.5 Model Validation 

In order to apply the numerical models to the investigation of ventilation performance and 
particle dispersion in ORs, it is necessary to validate the models to confirm their accuracy and 
efficacy. Ideally, experiments should be conducted and numerical models should be validated 
against measured data before applying them to simulations. However, it is rather difficult to 
conduct high-quality measurements in ORs due to logistic and ethical constraints. Therefore, 
we validate the numerical models against well-documented benchmark experiments. 

3.5.1 Validation Study I – Heat Valve Ventilation 

The airflow model is firstly validated in Paper I, in which the performance of two air supply 
configurations was evaluated in a heat valve ventilation system. The air temperature and 
velocity is studied both experimentally and numerically. The experiment was conducted in a 
full-scale chamber, which measured L 3.1 m × W 3.6 m × H 2.7 m. The chamber represented 
a room in a low-energy residential building that consisted typically of a floor, a ceiling, three 
internal walls and one external wall with a window. The chamber was contained in a 
laboratory hall. The chamber walls were well insulated and the temperature inside the hall 
was kept as close as possible to the temperature inside the chamber in order to minimize the 
heat transfer through the chamber walls and mimic the adiabatic condition. A cooling panel 
with a total area of 2.1 m2 was located on one chamber wall to represent the window. The 
geometry of the chamber was given in Figure 4a. In Configuration I, air was supplied to the 
chamber through a circular valve located below the window (X = 1.8 m; Y = 0.0 m; Z = 0.4 
m). In Configuration II, air was supplied through three nozzles placed in the upper part of the 

a) 

 

b) 

 

Figure 4. Physical configuration of the experimental chamber: a) isometric view of the 
chamber; b) front view of the measurement sections (dashed outlines), sampling lines (blue 
lines) and sensors (red dots).  
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wall opposite to the window (X = 1.8 m; Y = 3.1 m; Z = 2.5 m). In both configurations, air 
was supplied at 51 °C and an airflow rate of 7 l/s (0.84 ACH). Room air was extracted 
through the gap below the door leaf. The air velocity and temperature were measured at three 
sampling lines (L1–L3) at each of three vertical sections (Section A, Section B and Section 
C), as shown in Figure 4b.  

The comparison between simulated and measured temperature profile is shown in Figure 5 for 
Section C at sampling lines L1, L2, and L3. The simulated temperature profile well matches 
the measured one under Configuration I. Despite the under-prediction of temperature in the 
lower part of the room under Configuration II, the simulation shows good overall agreement 
with the measurement. The relative error between simulated and measured temperature values 
is on average 2.2% and 4.6% for Configuration I and II, respectively. 

Figure 5. Comparison of simulated and measured temperature profiles at three sampling lines 
(L1–L3) in Section C: a) Configuration I (air supplied through the circular valve); b) 
Configuration II (air supplied through three nozzles). 
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3.5.2 Validation Study II – Underfloor Air Distribution 

Zhang and Chen [176] conducted an experimental study on indoor particle dispersion in a 
full-scale environmental chamber with an underfloor air distribution system. The geometry of 
the chamber is shown in Figure 6. The chamber measured L 4.8 m × W 4.2 m × H 2.4 m. Air 
was supplied at a total flow rate of 0.0944 m3/s (i.e. 340 m3/h) from two openings located on 
the floor and was exhausted from one outlet on the ceiling. Four heated manikins placed on 
the floor and six lamps installed on the ceiling were used to represent heat sources in an 
ordinary office room. Monodisperse spherical particles with an average diameter of 0.7 µm 
and density of 912 kg/m3 were generated by a condensation aerosol generator from a non-
soluble liquid. Particles were released into the room from a point source located 0.3 m above 
the floor (X=1.5 m; Y=2.1 m; Z=0.3 m). As shown in Figure 6, airflow velocity and 
temperature were measured at seven poles (from V1 to V7, cyan lines), whereas particle 
concentration was monitored at the exhaust outlet and at five height levels of another six 
poles (from P1 to P6, green lines). The average surface temperature was also recorded for the 
chamber walls. A more detailed description of the experiment and boundary conditions can be 
found in Zhang and Chen [176]. 

Figure 7 compares the simulated and measured airflow velocity and temperature profiles at 
V1–V7. The simulated velocity agrees well with the measured one. The simulation also 
captures the temperature stratification in the chamber reasonably well, although it under-
predicts the temperature level in the lower part of the chamber. The discrepancy from the 
measured temperature was also observed in other numerical studies [185,186], which might 
be ascribed to the inadequate information of boundary conditions. In the experiment, the 
temperature at the walls might not necessarily remain constant or uniform. As only the 
surface averaged temperature was available in the literature, uniform temperature profiles 
were used for the wall boundary conditions in the simulation. If well-defined boundary 
conditions were provided, the airflow model would better capture the flow characteristics.  

Figure 8 compares the simulated and measured particle concentration at P1–P7. The 
measurement shows relatively homogeneous particle dispersion, whereas the LPT/DRW 
model predicts more scattered concentration. Significant fluctuations can be observed at poles 
P1–P2, and particles are highly concentrated at certain locations. Similar discrepancies were 
also observed in other simulation-based studies [185,187]. Besides the insufficient 
information of boundary conditions, this discrepancy could be caused by the known 
deficiency of the standard DRW model, which shows a tendency for sub-micron particles to 
concentrate in low-turbulence regions in strongly inhomogeneous diffusion-dominated flows 
[188]. This adverse impact can be minimized as the particle size increases. Since the size of 
BCPs range mainly 5–20 µm, such a phenomenon can be avoided in the simulations presented 
in this work. 
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Figure 6. Sketch of the chamber configuration and measurement arrangements in Zhang and 
Chen [176]. 

a)

 

b)

 

Figure 7. Comparison of simulated and measured velocity and temperature profiles at seven 
poles: a) velocity; b) normalized temperature; (rectangular symbols: experimental data; dash 
line: simulated data)  
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3.5.3 Validation Study III – Ventilated Two-Zone Chamber 

The previous experiment of the underfloor air distribution validates the static airflow and 
particle transport model in a non-isothermal indoor environment. The validation study in this 
subsection aims to validate the unsteady particle tracking model in dynamic airflow 
simulations.  

 

Figure 8. Comparison of simulated and measured particle concentration profiles at six poles 
(rectangular symbols: experimental data; dash line: simulated data). 

Figure 9. Sketch of the ventilated two-zone chamber in the experiment of Lu at al [189]. 
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a) 

 

b)

 

Figure 10. Comparison of simulated and measured particle mass concentration in a) Zone 1 
and b) Zone 2. 
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The particle dispersion experiment in a two-zone chamber conducted by Lu et al [189] is 
selected to validate the unsteady particle tracking model. As shown in Figure 9, the two-zone 
chamber had an overall dimension of L 5.0 m × W 3.0 m × H 2.4 m, with a thin partition in 
the middle of the chamber separating two zones. The partition carried a W 0.70 × H 0.95 m 
sliding door in the center line of the chamber, which could be either fully open or fully closed. 
There was a high-level supply opening (1.0 m × 0.5 m) on one side of the chamber in Zone 1 
and a low-level exhaust opening (1.0 m × 0.5 m) on the other side of the chamber in Zone 2. 
The air change rate in the experiment was 9.216 ACH.  

Initially, the sliding door was closed and the ventilation was switched off. Oil smoke particles 
of size 0.5–5 µm and density 865 kg/m3 were injected into Zone 1 and mixed with the room 
air. Once a uniform distribution of the smoke particles was achieved in Zone 1, the sliding 
door was opened and the ventilation was switched on. Air entered the chamber through the 
supply opening in Zone 1 and was extracted through the exhaust opening in Zone 2. The 
particle mass concentration in each zone was measured for a total period of 26 minutes. The 
initial particle mass concentration achieved in the experiment was 1×10-5 µg/m3. In the 
simulation, it was assumed that the initial concentration was equally allocated to five particle 
size groups (1 µm, 2 µm, 3 µm, 4 µm, and 5 µm). The time evolution of the simulated and 
measured particle mass concentration in each zone is compared in Figure 10. It can be seen 
that the simulated particle mass concentration agrees well with the measured one. The 
agreement between simulated and measured particle concentration in both zones is generally 
reasonable and acceptable. The simulation tends to slightly over-predict the particle mass 
concentration in Zone 1, which was also noted in other simulation studies [103,173]. As 
pointed out by Lu et al. [189], this can be explained by two unrealistic assumptions adopted in 
the simulation: a) the particle mass is assumed to be equally distributed in each size group; b) 
the particle rebounding is not considered in the simulation. 
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4  
 
Results and Discussions 

This chapter consists of three sections.  

 Section 4.1 is based upon Paper II, which investigates and compares the performance of 
three distinct ventilation schemes at different airflow rates. 

 Section 4.2 is based upon Paper III, which studies the impact of door opening on the 

ventilation airflow and risk of infections. 

 Section 4.3 is based upon Papers IV–VII, which focuses on the effect of internal 
constellation on the disruption of the ventilation airflow.  

4.1 Ventilation Schemes 

The performance of three ventilation schemes with respect to airborne BCPs contamination 
mitigation is evaluated and compared in Paper II. The three ventilation schemes are laminar 
airflow (LAF), temperature-controlled airflow (TAF), and mixing airflow ventilation.  

The three ORs in Helsingborg General Hospital, as presented in Section 3.1.1 are adopted as 
the physical cases. The three ventilation schemes are designed to operate at different airflow 
rates. LAF operates at the highest airflow rate (100 ACH), the mixing ventilation at the lowest 
airflow rate (26 ACH), and TAF at a moderate airflow rate (46 ACH). Thus, the performance 
of the three ventilation schemes is firstly assessed at their respective operating airflow rates. 
The three ventilation schemes are further compared at two identical airflow rates. 

4.1.1 Operating Airflow Rates 

The simulated airflow patterns are exhibited in Figure 11, which plots the velocity vectors at 
two vertical planes passing the center of the operating table. The presence of surgical lamps 
disrupts the airflow path and creates a stagnant area underneath the lamps. In spite of this, a 
nearly uniform airflow distribution dominates the critical zone in LAF ventilation, resulting in 
parallel down-flow of clean air with minimum turbulence in the operating zone. Bacteria-

Chapter 
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carrying particles can be directly removed by the airflow and an effective washing effect can 
be achieved. 

TAF is also capable of creating strong down-flow air streams in the operating zone. The cool 
air falls down to the operating table and is gradually accelerated by gravity. The airflow 
reaches its maximum speed approximately at the breathing level of the staff. Thus, TAF can 
also be expected to effectively sweep away BCPs released from the surgical staff and prevent 
them from approaching the patient. Compared with LAF and TAF, the mixing ventilation 
showed small variances in the velocity distribution. The velocity vectors look more irregular 
and no clear airflow patterns can be identified, indicating a mixed airflow field in the entire 
OR. 

The simulated BCPs contamination at the operating table and two instrument tables are 

 

Figure 11. Velocity vector plot at the center-planes of the operating table: (a, b) LAF at 100 
ACH; (c, d) TAF at 46 ACH; (e, f) Mixing at 26 ACH. 
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presented in Figure 12 and Figure 13. The three ventilation systems results in substantially 
different levels of contamination. Both LAF and TAF achieve high air cleanliness at the 
operating table, with volume BCPs concentration below 0.1 CFU/m3. The lowest 
contamination is found with LAF, which uses the highest airflow rate. TAF operates at half 
the airflow rate of LAF, but the resulted BCPs concentration in TAF is only slightly higher 
than in LAF. The mixing ventilation uses the least airflow and results in the worst air 
cleanliness. The airborne contamination at the operating table in the mixing ventilation is 
about 30 CFU/m3 and surface contamination about 650 CFU/m2/h.  

As expected, the mixing ventilation shows more uniform BCPs concentration between the 
operating table and instrument tables, indicating a better-mixed airflow in the mixing 
ventilation than in LAF and TAF. By contrast, both LAF and TAF show much higher BCPs 
concentration at the instrument tables than at the operating table. The highest level of 
contamination is found at instrument table 2 with LAF. This implies that the space above the 
instrument tables is not well ventilated. The instrument tables are positioned behind the 
surgical staff downstream the surgical zone, which is not considered good work practice. 

Both the surface and volume BCPs concentration give relatively consistent results for 
different case studies and different sampling locations. The numerical results are also 
generally consistent with on-site measurements by Alsved et al. [24], except that the 
simulation over-predicted the contamination level for LAF and TAF at the instrument tables. 
As explained above, this could be attributed to the positioning of the instrument tables. 

 

Figure 12. Simulated airborne contamination for three ventilation schemes at operating 
airflow rates. Horizontal dashed line indicates the recommended limit for an ultraclean 
environment. 

0.01

0.1

1

10

100

LAF TAF Mixing

C
F

U
/

m
3

Operating table Instrument table 1 Instrument table 2



CHAPTER 4. RESULTS AND DISCUSSIONS 

 38

4.1.2 Identical Airflow Rates 

The three ventilation schemes are further evaluated at two identical airflow rates: 4800 m3/h 
(40 ACH) and 7200 m3/h (60 ACH). The airflow patterns are presented in Figure 14 (at 40 
ACH) and Figure 15 (at 60 ACH). The simulated airborne contamination and surface 
contamination are presented in Figure 16 and Figure 17, respectively.  

The OR with LAF is normally ventilated at 100 ACH. At reduced airflow rates, the 
performance of LAF has drastically worsened. This indicates a change of the unidirectional 
airflow pattern and a failure of the washing effect. Compared with Figure 11a–b, Figure 14a–
b and Figure 15a–b clearly show that at a low supply velocity the downward airflow does not 
have enough momentum to overcome the upward convective currents. Therefore, local 
thermal plumes are developed. The interaction between the downward supply air and upward 
buoyant flow forms a strong recirculation area above the operating table. This may entrain a 
great amount of BCPs from the surgical staff into the wound site. The lower airflow rate 
results in a disordered airflow pattern that partly resembles turbulent mixing airflow. Hence, 
with a reduced air supply velocity, LAF is unable to preserve the unidirectional airflow 
pattern and provide an adequate washing effect [190]. These observations are in line with the 
findings in previous research works [105,190], although the critical airflow rate (or supply air 
velocity) that triggers such a change in the airflow pattern is case-dependent. 

 

Figure 13. Simulated surface contamination for three ventilation schemes at operating airflow 
rates. Horizontal dashed line indicates the recommended limit for an ultraclean environment. 
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In contrast to the LAF ventilation, the variation in ventilation rates does not have a significant 
impact on the performance of the TAF ventilation. The airflow pattern retains most of the 
important characteristics and does not show marked differences at alternative airflow rates. 
Even at 40 ACH, the down-flow air streams are still sufficient to provide the necessary 
washing effect. As a result, TAF preserves an ultraclean environment in the operating zone at 
both 40 and 60 ACH. At the instrument tables, the BCPs concentration slightly increases at a 
lower airflow rate. These findings confirm that TAF taking advantage of the buoyant effect 
utilizes the airflow more efficiently than LAF relying on high momentum.  

Increasing the airflow rate of the mixing ventilation from 26 ACH to 40 ACH improves the 
air cleanliness in the operating room. When the airflow rate is further increased to 60 ACH, a 
remarkable improvement in the cleanliness of air is observed at the operating table and 
instrument table 1. This is ascribed to the changes in the airflow patterns. With a high supply 

 

Figure 14. Velocity vector plot at the center-planes of the operating table at 40 ACH: (a, b) 
LAF; (c, d) TAF; (e, f) Mixing. 
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air velocity, as shown in Figure 15e–f, the air streams supplied from the diffuser impinge 
directly on the operating table and sweep off infectious particles from the operating zone. The 
remarkable difference in the contamination at the two instrument tables indicates a non-
uniform airflow distribution. This is caused by the asymmetric positioning of the exhaust 
openings. Horizontal displacement of airflow takes place from +X to –X direction and 
transports infectious particles to the space above instrument table 2. Previous studies have 
shown that the arrangement of the exhaust openings has a significant influence on the 
particulate contaminant dispersion in cleanrooms [191,192]. 

 

 

 

Figure 15. Velocity vector plot at the center-planes of the operating table at 60 ACH: (a, b) 
LAF; (c, d) TAF; (e, f) Mixing. 
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4.1.3 Dilution Model 

The dilution model implies that increasing the airflow rates will proportionally decrease the 
airborne contamination. However, using Eq. 10 in Section 3.4.4 may lead to substantial over- 
or under-prediction of the airborne BCPs concentration at specific locations [154,163,193], 
since perfect mixing is never fully achieved under real use conditions. 

For comparison purposes, Figure 18 presents the simulated airborne BCPs concentration 
together with the estimated values from Eq. 10 on a logarithmic scale. Although higher 
airflow rates are generally associated with better air cleanliness, it is clear from Figure 18 that 
the airborne BCPs concentration does not increase (decrease) linearly with lower (higher) 
airflow rates. With regard to the LAF ventilation, increasing the ventilation rate from 40 ACH 
to 60 ACH does not show marked improvement in air cleanliness and even slightly increases 
the BCPs concentration at instrument table 1. Similar phenomena were also observed by 
Woods et al. [40], in which the particle concentration in the vicinity of the surgical wound 
was lower at 12 ACH than at 18.8 ACH when using an overhead ceiling diffuser air 

  

Figure 16. Simulated airborne contamination at 40 ACH (left) and 60 ACH (right). Horizontal 
dashed line indicates the recommended limit for an ultraclean environment.  

  

Figure 17. Simulated surface contamination at 40 ACH (left) and 60 ACH (right). Horizontal 
dashed line indicates the recommended limit for an ultraclean environment. 
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distribution system. This is because the reduced down-flow air velocity allowed the upward 
convective current developed from the surgical team to lift particles out of the surgical field.  

Increasing the ventilation rate from 40 ACH to 60 ACH steadily mitigates the airborne 
contamination at the instrument tables in the TAF-ventilated OR. However, the minimum 
airborne BCPs concentration at the operating table is achieved at the operating airflow rate, 
i.e. 46 ACH. This finding can be ascribed to the fact that a high airflow rate adds turbulence 
and provokes the cross-contamination. In addition, a higher airflow rate leads to a lower 
ambient temperature and thus a smaller temperature gradient, which reduces the driving 
forces acting on the incoming cool air. As a consequence, the washing effect provided by the 
downward airflow at 60 ACH is not as strong as the one at 46 ACH, which is confirmed by 
the smallest falling speed at 60 ACH above the operating table. Hence, both the airflow rate 
and supply temperature need to be carefully optimized and controlled under real use 
conditions to maximize the performance of the TAF system. 

The results suggest that increasing the airflow rate alone will not always guarantee sufficient 
control of particulate concentration at specific locations within an OR, as also confirmed by 
experimental studies [194–196]. The airflow distribution plays a critical role in the removal 
and dilution of particulate contamination. Hence, specific analyses of the airflow distribution 
are needed to determine the likely pathways of BCPs within ORs. 

 

  

 

Figure 18. Comparison of the simulated airborne contamination with the dilution model. 
Horizontal dashed line indicates the recommended limit for an ultraclean environment. 
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4.2 Door Openings 

The impact of door openings on the airborne BCPs contamination in the OR is studied in 
Paper III. The OR in the New Karolinska Solna University Hospital is adopted as the physical 
case. The OR has mixing ventilation and is separated from an access corridor by a sliding 
door. Two thermal conditions are considered in the study: the summer condition and the 
winter condition. The average temperature in the OR is about 3 °C lower (higher) than in the 
corridor under the summer (winter) condition. 

First, the cross-door airflow and BCPs spread caused by the sliding door opening under a 
positive pressure of 5 Pa is studied. This is taken as a reference case (Case A) for subsequent 
studies. Three different levels of positive pressure are then applied and the effect on the 
mitigation of inter-zonal BCPs transfer is evaluated. Finally, we examine whether temporarily 
reducing the OR exhaust airflow rate during door operation can improve the isolation 
conditions. 

4.2.1 Increased Contamination 

Figure 19 shows the temporal variation of pressure difference between the OR and the 
corridor during the door opening-closing cycle. The pressure difference drops sharply as the 
door opens and is even reversed when door is fully open under the summer condition. The 
positive pressure is not restored until the door is just about to be fully closed. The slight 
difference in the pressure variation between the summer and winter condition can be ascribed 
to the thermal pressure due to the distinct thermal conditions. This finding is consistent with 
previous studies [164,197]. 

 

Figure 19. Temporal variation of the pressure difference between the OR and corridor. 
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Figures 20–22 respectively present the temperature field, the velocity field, and the airborne 
BCPs concentration at the plane passing the center line of the door at four time instants (t=0, 
5, 15, and 20 s). When the door is closed, most of the supply air is directed by the diffusers to 
the periphery of the OR at the ceiling level and then falls down to the floor along the 
sidewalls. The incoming air further travels to the surgical zone and gets heated by the surgical 
personnel and equipment, forming upward convective currents. When the door is open, the 
OR air and corridor air encounter each other at the door interface and the interaction between 
the warm and cold air causes natural convection due to the temperature difference. 
Consequently, the corridor air flows into the OR through the upper part of the doorway under 
the summer condition, whereas the corridor air penetrates into the OR at the floor level under 
the winter condition. The upward warm air from the corridor interacts with the downward 
supply cold air in the OR, forming a vortex near the doorway under the summer condition 
(see Figure 21c left). Under the winter condition, by contrast, a neutral point can be roughly 

Figure 20. Temperature contour plot at the center-plane of the sliding door for Case A: (a) t=0 
s; (b) t=5 s; (c) t=15 s; (d) t=20 s; (left: summer condition; right: winter condition). 
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identified slightly above the center of the door (see Figure 21c right). As seen from Figure 22, 
BCPs are accumulated mainly in the middle and upper part of the OR under the summer 
condition, whereas under the winter condition BCPs are confined at the floor level. It is 
noteworthy that, under the winter condition, the BCPs travel to the surgical zone at the foot 
level of the surgical staff and then get lifted to the operating table by human convective 
boundary layer flow, which constitutes a potential risk to patient safety (see Figure 21d right). 

Figure 23 shows the overall contamination in the OR within a five-minute period from the 
onset of door operation. The single door cycle increases the overall airborne BCPs 
contamination in the OR by approximately 2.1 CFU/m3. The airborne contamination starts to 
decay when the door is closed. It takes nearly five minutes to reduce the overall OR 
contamination to 5% of its initial level. The decay curves of BCPs concentration do not 
exactly follow an exponential course as they are not completely mixed with the room air. 

Figure 21. Velocity vector plot at the center-plane of the sliding door for Case A-5: (a) t=0 s; 
(b) t=5 s; (c) t=15 s; (d) t=20 s; (left: summer condition; right: winter condition). 
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Despite the similar initial contamination level, the two decay curves differ from each other. 
This can be ascribed to the different airflow patterns induced near the doorway between the 
summer and winter conditions. Under the summer condition, the contaminants accumulate in 
the middle and upper space of the OR, whereas the contaminants are confined in the lower 
space of the OR under the winter condition. Therefore, the airborne contaminants are 
evacuated more quickly under the winter condition than under the summer condition, as the 
penetrated BCPs are closer to the low-level exhaust vents under the winter condition. 

The penetrated BCPs continue to spread in the OR after the door is fully closed. Certain BCPs 
might approach the surgical site and cause infections. Therefore, it is necessary to evaluate the 
local contamination of surgical site, which is closely linked to the rate of infections. Figure 24 
presents the development of the airborne BCPs concentration at the surgical site over the five-
minute period. Although the overall OR contamination is similar under the two thermal 

 

Figure 22. Airborne BCPs concentration at the center-plane of the sliding door for Case A-5: 
(a) t=0 s; (b) t=5 s; (c) t=15 s; (d) t=20 s; (left: summer condition; right: winter condition). 
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conditions, the resulting local contamination is drastically different. As pointed out above, the 
BCPs travel to the surgical critical zone at the floor level under the winter condition and are 
then raised to the level of surgical wound by the human thermal plumes. Correspondingly, the 
airborne BCPs concentration reaches the highest of 12.5 CFU/m3 approximately 20 seconds 

 

Figure 23. Temporal development of the overall OR contamination over a 5-minute period 
from the onset of door operation in Case A-5. 

 

Figure 24. Temporal development of the local contamination at the surgical site over a 5-
minute period from the onset of door operation in Case A-5. 
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after the door is fully closed. Such a contamination level poses a threat to patient safety in 
infection-prone surgery. Under the summer condition, by contrast, the BCPs can barely 
spread into the surgical critical zone and the consequent contamination at the surgical site 

a) 

 

b) 

 

Figure 25. OR contamination caused by door opening in Case A-5 (5 Pa), Case A-10 (10 Pa) 
and Case A-15 (15 Pa): (a) temporal development of overall OR contamination; (b) 
maximum number of BCPs in the OR. 
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stays below 1 CFU/m3 over the entire period, which does not constitute a significant risk 
factor for SSIs occurrence. As the overall level of OR contamination is directly associated 
with the volume of air exchange across the doorway, the simulation results suggest that 
similar air exchange volumes can lead to completely different levels of local contamination at 
the surgical site. This finding implies that it is not sufficient to focus only on the air volume 
migration for a valid and reliable assessment of the infection risks caused by the door 
opening.  

4.2.2 Positive Pressure 

The positive pressure in the OR is utilized to prevent the entry of contaminants through the 
gaps between the OR and adjacent spaces. The positive pressure proves to be useful when all 
openings are closed, as the contamination is transferred in the direction of decreasing static 
pressure. However, the pressure drop effectively becomes zero when the door is opened, as 
indicated in the preceding subsection. The effect of increasing positive pressure in the OR is 
investigated in this subsection. The positive pressure in the OR relative to the adjacent 
corridor is increased from 5 Pa (Case A-5) to 10 Pa (Case A-10) and eventually to 15 Pa 
(Case A-15). The incurred airborne BCPs contamination in the OR is evaluated and 
compared. 

 

Figure 26. Temporal development of the OR exhaust flow rate in Case B (10% reduction), 
Case C (20% reduction), and Case D (30% reduction). 
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Figure 25a shows the temporal development of the overall contamination during door 
operation and Figure 25b compares the maximum number of CFU in the OR. Increasing the 
positive pressure slightly reduces the intrusion of airborne contaminants under both summer 
and winter conditions. However, the effect of pressure difference is marginal, diminishing as 
the positive pressure increases. Under the summer condition, for instance, the maximum 
number of CFU in the OR is reduced by only 10% when the positive pressure is doubled and 
by 18% when the positive pressure is further increased to 15 Pa. It is obvious that the positive 
pressure levels necessary to minimize or eliminate the contaminant migration would be 
considerably high. Constantly maintaining such a high positive pressure will result in elevated 
noise and unnecessary operating cost. Thus, increasing the pressure difference between the 
OR and the adjacent space is not an efficient way to prevent contaminant intrusion caused by 
door opening. Despite the important role in static state, the pressure difference must be 
combined with other measures to enhance the dynamic isolation. 

 

Figure 27. Temperature contour plot at the center-plane of the sliding door at t=15 s for a) 
Case A; b) Case B; c) Case C; d) Case D; (left: summer condition; right: winter condition). 
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4.2.3 Directional Airflow 

In order to prevent the infectious air from entering the OR, the airflow extracted from the OR 
is reduced while the door is opening. During the opening phase of the door, the loss of 
pressure in the OR is monitored and the OR exhaust flow rate is decreased accordingly. After 
the outgoing airflow becomes stabilized, the resulting exhaust flow rate is reduced by 10%, 
20% and 30% in Cases B, C, and D, respectively. During the closing process of the door, as 
the pressure is gradually restored, air extraction is increased to balance the mass flow and 
avoid pressure overshoot in the OR. Figure 26 presents the temporal development of the OR 
exhaust flow in Cases B, C, and D. 

By reducing the exhaust flow rate, a certain amount of air is forced to flow out of the OR 
through the opening area. Figures 27−29 compare the temperature, velocity, and airborne 

 

Figure 28. Velocity vector plot at the center-plane of the sliding door at t=15 s for a) Case A; 
b) Case B; c) Case C; d) Case D; (left: summer condition; right: winter condition).  
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BCPs concentration at the center-plane of the door at t=15 s between Cases A, B, C, and D. 
As the net outflow through the door opening increases, the pattern of cross-doorway airflow is 
changed towards forming a one-way directional airflow (see Figure 28). Correspondingly, as 
seen from Figures 27−29, the air exchange and contaminant intrusion are constantly 
suppressed from Case A to Case D. These figures suggest that the outflow of air can 
overcome the buoyant flow and mitigate the transfer of BCPs. Thus, a barrier effect is 
expected to be established as sufficient air flows out of the OR through the door opening.  

The airborne contamination caused by the door opening evolves over time. In order to 
compare the barrier effect in different cases, the mean and maximum contamination levels 
over the five-minute period in the four cases are plotted against the reduction rates of the OR 
exhaust flow in Figure 30 (overall OR contamination) and Figure 31 (local contamination at 
the surgical site). As the exhaust flow rate is continually decreased from Case A to Case D, 

 

Figure 29. Airborne BCPs concentration at the center-plane of the sliding door at t=15 s for a) 
Case A; b) Case B; c) Case C; d) Case D; (left: summer condition; right: winter condition). 
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a declining trend in both overall and local contamination can be observed. In Case B, for 
instance, a 10% decrease in the exhaust flow rate leads to a more than 40% reduction in 
overall OR contamination. The maximum contamination at the surgical site is reduced from 
12.5 CFU/m3 to 2.5 CFU/m3 from Case A to Case C under the winter condition, which 
significantly lowers the risk of infections. In Case D with a 30% decrease in the exhaust rate, 
the BCPs migration is considerably suppressed, resulting in nearly zero overall and local 
contamination. The simulation results show that decreasing the airflow extraction during door 
operation can be an effective solution to ensure isolation and thus minimize the risk of SSIs. 

a) 

 

b) 

Figure 30. Comparison of the OR overall contamination at different reduction rates of OR 
exhaust flow: a) mean contamination over a 5-minute period from the onset of door operation;  
b) maximum contamination over a 5-minute period from the onset of door operation. 

a) 

 

b) 

Figure 31. Comparison of the local contamination at the surgical site at different reduction 
rates of OR exhaust flow: a) mean contamination over a 5-minute period from the onset of 
door operation; b) maximum contamination over a 5-minute period from the onset of door 
operation. 
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4.3 Internal Disruptions 

OR ventilation aims to establish a certain airflow pattern inside the room. The door opening 
can disrupt the airflow inside the OR, as discussed in Section 4.2. The ventilation airflow can 
also be affected by internal disruptions caused by surgical lamps, surgical equipment and 
surgical personnel. This section analyzes and discusses the impact of internal disruptions on 
the ventilation airflow and BCPs dispersion.  

4.3.1 Surgical Lamps 

Surgical lamps are considered as one of the major disturbances of airflow in an OR that 
impairs the proper functioning of ventilation, especially in the LAF ventilation. Chow et al. 
[96] indicated that the medical lamp positioning in a LAF system could have a serious impact 
on the airborne dispersion of BCPs and thus increased the risk of infections. Zoon et al. [108] 
conducted experimental and simulation studies and found that different lamp shapes resulted 
in considerably different airflow pattern in the OR. The impact of the shape and design of 
surgical lamps on the ventilation airflow and BCPs concentration is investigated in Paper IV 
and Paper V respectively. 

Shape of lamps 

Two distinct lamp shapes are investigated in Paper IV: a cylinder-like closed-shape lamp and 
an open-shape lamp. The open-shape lamp is composed of five individual spots connected to 
a central hub. The two types of lamps have the same outer diameter of 0.6 m, corresponding 
to a projected area of 0.28 m2 for the closed-shape lamp and 0.08 m2 for the open-shape lamp. 
The influence of the lamps on the airflow is evaluated under two ventilation schemes: LAF 
and TAF. The ORs in Helsingborg General Hospital are adopted as the physical cases. 

The combination of two shapes of lamps and two ventilation schemes results in four 
simulation cases. The surface BCPs contamination is presented in Table 1. Two ventilation 
schemes in combination with two types of surgical lamps result in dramatically different 
contamination levels. The closed-shape lamp in LAF results in more than 100 CFU/m2/h 
surface contamination. When using an open-shape lamp in LAF, there are nearly zero BCPs 
depositing onto the operating table. Replacing the closed-shape lamp by the open-shape lamp 
in TAF reduces the surface contamination from about 10 CFU/m2/h to 3 CFU/m2/h.  

Table 1. Simulated surface BCPs contamination (CFU/m2/h) at the operating table. 

 Closed-Shape Lamp Open-Shape Lamp 

LAF 104 < 0.1 

TAF 9.6 3.1 
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The significant differences between cases can be explained by the airflow patterns. As shown 
in Figure 32, the closed-shape lamp positioned below the supply diffuser obstructs the flow 
path and hinders the formation of a unidirectional airflow. Instead, a stagnant zone is formed 
under the lamp with remarkably reduced air speed. As seen in Figure 32a, the unidirectional 
airflow is immediately separated at the upper edge of the lamp and two vortices are 
developed, which creates a recirculation region under the lamp. The washing effect is thus 
severely diminished and the recirculating air in this stagnant zone may entrain a significant 
amount of BCPs from the source of contaminants, i.e. the surgical staff. When using the open-
shape lamp, the obstruction to the airflow is rather limited and LAF can maintain a relatively 
unidirectional flow pattern. Therefore, the microbiological cleanliness of air at the surgical 
site is remarkably improved by using the open-shape lamp. The findings that surgical lamps 
obstruct the airflow and negatively influence airborne contamination in the LAF ventilation 
are in line with previous studies [107,108].  

TAF shows good performance with both closed-shape and open-shape lamps. The presented 
airflow patterns and surface BCPs contamination indicate that TAF is less sensitive to the 
shape of objects in the airflow path. Regardless of the lamps used, TAF is capable of 
providing a clean zone over the entire surgical site. The airflow passes around the surgical 
lamp, which implies that the buoyancy-driven flow utilized by TAF might be more effective 
in circumventing obstacles than the inertia-driven flow used by LAF. Although a small 
stagnant zone is also observed under the closed-shape lamp in TAF, it is confined and 
surrounded by the clean supply air, which precludes the entrainment of particles from the 
surgical staff. It is worth noting that TAF operates at half the flow rate of LAF, but achieves 
comparable level of CFU concentration when using the open-shape lamp and TAF gives even 
better performance than LAF when using the closed-shape lamp. 

The drastically different airflow pattern under the lamp between LAF and TAF can be 
explained by the effect of the so-called ‘aiding thermal buoyancy’ on the downward flow past 

 

Figure 32. Velocity vector plot under surgical lamps for a) LAF with closed-shape lamp; b) 
LAF with open-shape lamp; c) TAF with closed-shape lamp; d) TAF with open-shape lamp. 
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a bluff body [198]. Sharma et al. [199] showed that the flow separation could start at very low 
Reynolds numbers for isothermal flow around a square cylinder. The Reynolds number of the 
flow past the closed-shape lamp in LAF is around 15,000 and therefore the wake region is 
dominated by the vortices caused by the flow separation. When the buoyancy is added, as is 
the case in TAF, the presence of temperature difference between the supply air and ambient 
room air induces a downward force acting on the supply air. Such a force is superimposed to 
the airflow momentum and aids the downward movement of the supply air. Some 
fundamental research works in fluid mechanics and heat transfer have studied the 
characteristics of flow around a heated/cooled bluff obstacle [200–204]. Experiments and 
numerical simulations have been conducted to investigate the influence of aiding thermal 
buoyancy on the recirculation region behind the obstacle. It has been shown that increasing 
the strength of aiding thermal buoyancy gradually diminishes the flow separation [199,204]. 
The flow separation can be completely suppressed at some critical value of the buoyancy 
parameter [202,204]. In those studies, the Richardson number is used to quantify the 
buoyancy effect at a given Reynolds number. However, in the context of TAF in ORs with 
surgical equipment and personnel, the critical value of the buoyancy parameter for which the 
flow separation around the surgical lamps completely vanishes is case-dependent and the 
exact quantification is difficult. In spite of this, the buoyancy-induced airflow utilized by TAF 
has shown its superiority to momentum-induced airflow used by LAF in circumventing 
physical obstruction in the airflow paths. 

Design of lamps 

An innovative design of the surgical lamp – fan-mounted lamp, is assessed and compared 
with a conventional closed-shape lamp in Paper V. The performance of the two designs of 
lamps is evaluated under two ventilation schemes: LAF and mixing ventilation. The OR in the 
New Karolinska Solna University Hospital is adopted as the physical case.  

The two lamps have an identical overall dimension. Both have a hexagonal cross-section with 
an outer diameter of 0.7 m and thickness of 0.15 m. A 0.2 m diameter fan is installed inside 
the fan-mounted lamp, which creates a constant pressure jump of 0.6 Pa.  

The simulated BCPs contamination is reported in Table 2. The fan-mounted lamp resolves the 
problem that the conventional lamp has caused in the LAF ventilation. When using the 
closed-shape lamp, LAF performs even worse than the mixing ventilation, resulting in 
airborne BCPs concentration 63 CFU/m3. Such a high level of BCPs concentration poses a 
serious threat to patient safety in infection-prone surgery. By contrast, zero contamination is 
achieved in LAF ventilation with the fan-mounted lamp. It is noteworthy that using the fan-
mounted lamp also reduces the contamination level in the mixing ventilation.  

The effect of the lamp design can be further illustrated by Figure 33, which presents the 
velocity contours at two vertical planes passing the center of the operating table. The closed-
shape lamp blocked the unidirectional airflow and results in a stagnant area under the lamp 
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(see Figure 33a). Thus, the washing effect expected in LAF ventilation is severely weakened. 
The stagnant area is eliminated by the fan-mounted lamp that blows air to the operating table 
(see Figure 33b). In the mixing ventilation, the air blown from the fan-mounted lamp can also 
help wash the BCPs away from the surgical site. Therefore, the fan-mounted lamp improves 
the performance of both LAF and mixing ventilation. Quantitatively, applying the fan-
mounted lamp decreases the contamination level by nearly 100% in the LAF ventilation for 
both surface and airborne contamination. In the mixing ventilation, the surface contamination 
decreases by 26% and the airborne contamination by 41% when using the fan-mounted lamp. 
Hence, the fan-mounted lamp proves to be more effective in the LAF ventilation than in the 
mixing ventilation. 

Table 2. Simulated airborne and surface BCPs contamination for different lamp designs. 

 
 Surface Contamination  

(CFU/m2/h) 
 

Airborne Contamination 
(CFU/m3) 

 
 LAF Mixing  LAF Mixing 

Closed-shape lamp   338 249  63 44 

Fan-mounted lamp   <1 183  <1 26 

 

Figure 33. Velocity contour plot at the center-planes of the operating table. 
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4.3.2 Surgical Staff 

The surgical staff has a two-fold effect on the contaminant distribution in an OR. First, the 
human bodies in the OR serve as an obstruction and heat source that alter the airflow. Second, 
the surgical staff contributes to the source of BCPs. Paper VI investigates the effect of 
surgical staff number on the BCPs contamination in two ORs respectively ventilated by 
turbulent mixing airflow and TAF. Four cases with 3, 5, 7, and 9 surgical staff members 
surrounding the operating table are analyzed. The ORs in Helsingborg General Hospital are 
adopted as the physical cases. 

The simulated airborne and surface contamination at the operating table is plotted against 
staff number in Figure 34. The simulation results are also compared with the analytical 
estimation by the dilution model (Eq.10 in Section 3.4.4). 

The contamination level rises steadily as more surgical staff members are present in the OR 
with mixing ventilation. The surface contamination increases linearly, whereas the growth 
rate of the airborne contamination shows slight fluctuations between cases. This can be 
ascribed to the fact that the presence of persons alters the airflow and affects local airborne 
BCPs concentration. 

The TAF ventilation maintains a sufficiently low level of contamination regardless of the 
number of individuals in the OR. The airborne contamination fluctuates slightly between 0.3 
and 1.0 CFU/m3 at the operating table and surface contamination grows very slowly as the 
staff number increases. The highest level of surface contamination is found to be 60 
CFU/m2/h in the case of 9 persons, whereas the maximum airborne contamination is achieved 
in the case of 7 persons. This inconsistency between airborne and surface contamination is 

a) b)

Figure 34. Simulated BCPs contamination at the operating table under the conditions of 
different number of surgical staff: a) airborne contamination; b) surface contamination; 
(horizontal dash line indicates the recommended limit for ultraclean environment). 

C
F

U
 / 

m
3



4.3. INTERNAL DISRUPTIONS 

 59 

also attributable to the local airflow pattern and the positioning of the persons. 

The dilution model over-predicts the airborne contamination in all cases for both mixing and 
TAF ventilation, which reflects that the airflow is not fully mixed even in the mixing 
ventilation. For the mixing ventilation, the simulated airborne BCPs concentration tends to 
converge to the analytical estimation as more persons are present in the OR. For the TAF 
ventilation, however, the airborne contamination remains very low and the departure from the 
dilution model is expanded as the staff number increases. This implies that TAF uses airflow 
in a more efficient way than the mixing ventilation based on the dilution principle. 

4.3.3 Surgical Equipment 

Previous results have shown that TAF has advantages in overcoming physical obstructions in 
the airflow path, such as the surgical lamps. These findings suggest that TAF utilizing the 
buoyancy effect can serve as a promising alternative to LAF that relies on the inertia force. 
However, the upward convective airflow developed from the heat sources (e.g., the surgical 
equipment) interacts with the downward supply airflow and may deteriorate the performance 
of TAF. Surgical equipment develops strong thermal plumes, which may prevent the clean air 
from being delivered to the surgical site. The influence of the heat released from surgical 
equipment on the performance of TAF is thus investigated in Paper VII. 

Twelve pieces of equipment are considered, representing the most commonly used medical 
equipment during operations. Four simulation cases are performed with heat loads gradually 
increased by 25% of the rated power of the equipment. The heat load starts from 4.4 kW in 
Case 1 and increase to 7.2 kW in Case 4. Details of the power of the equipment can be found 
in Table 2 in Paper VII. 

 

Figure 35. Simulated airborne BCPs contamination at the operating table and two instrument 
tables in Case 1, Case 2, Case 3, and Case 4. 
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Figure 36. Temperature contour plot at the center-plane of the operating table. 
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Figure 35 presents the simulated airborne contamination at the operating table and two 
instrument tables. At the operating table, Cases 3–4 result in significantly higher BCPs 
concentration than Case 1–2. Specifically, an abrupt increase in airborne BCPs concentration 
is observed when the heat load is increased from Case 2 to Case 3. This indicates fundamental 
changes in the airflow pattern, as confirmed by the temperature contour plot in Figure 36. The 
washing effect is severely weakened and the dilution effect becomes predominated in Cases 
3–4. Consequently, furthering increasing the heat load from Case 3 to Case 4 only slightly 
increases the airborne BCPs concentration at the operating table. From Case 1 to Case 2, the 
airborne BCPs concentration slightly decreases as the heat load increases. This can be 
ascribed to the fact that a heavier heat load results in a higher ambient temperature and thus a 
higher temperature gradient, which strengthens the driving force acting on the supply air. 
Thus, the downward airflow in Case 2 provides a stronger washing effect and thus better air 
cleanliness than in Case 1.  

The two instrument tables are placed outside the protection zone. The dilution principle 
replaces the washing effect, that is, the airflow dilutes the airborne contamination rather than 
directly washes away infectious particles. The BCPs concentration at the instrument tables 
shows a slight declining trend as the heat loads increases. This is due to the fact that higher 
heat dissipation leads to stronger upward thermal plumes, which have more chance to lift 
particles out of the range of instrument tables. 

The findings suggest that TAF can function properly under moderately high heat loads and 
provide good protection for patients. When the heat load becomes extremely heavy, it is 
difficult for TAF to establish the desired airflow pattern and TAF fails to provide an efficient 
washing effect. Despite the distorted airflow pattern, however, TAF is still able to work in 
such a way that it resembles the mixing ventilation and dilutes the airborne contamination. 
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5  
 
Conclusions and Future Work 

5.1 Conclusions 

Operating room ventilation is crucial for mitigating the dispersion of airborne bacterial 
contaminants and controlling the risk of SSIs. Various ventilation schemes have been 
developed for ORs. Each has pros and cons and may be better suited than another for surgical 
procedures under certain conditions. Furthermore, the proper functioning of OR ventilation is 
also affected by external and internal disruptions. By applying CFD simulations, the present 
study investigates the airflow distribution and ventilation effectiveness with respect to 
reducing the BCPs contamination in ORs under different working conditions. This thesis aims 
to enhance the understanding of the strengths and limitations of various ventilation schemes 
and increase the knowledge of the design and usage of OR ventilation. Important findings 
from this research work are summarized below. 

A sufficient airflow rate is needed for LAF to function properly and achieve desire 
performance. At reduced airflow rates, the unidirectional airflow is difficult to be established 
and the performance of the LAF ventilation can be drastically degraded. The conventional 
mixing ventilation is not able to reliably create an ultraclean environment. The contamination 
level steadily rises in the mixing ventilation as the number of staff increases. The usage of 
mixing ventilation in infection-prone surgery should be avoided. The TAF ventilation uses the 
airflow in a more efficient way than the mixing ventilation and this advantage becomes 
increasingly important as additional surgical staff is added in the OR. The TAF ventilation 
maintains a sufficiently low level of contamination regardless of the number of persons in the 
OR. TAF also represents an effective ventilation scheme that can serve as an energy-efficient 
alternative to LAF. In the examined case, the TAF ventilation operates at half the airflow rate 
of LAF but achieves comparable performance. 

Increasing the airflow rate does not always result in better control of contamination in ORs. 
Clean air is not only a result of high airflow rates. The airflow distribution is of critical 
importance in removing or diluting airborne contaminants. The dilution model fails to take 
into account the effect of airflow pattern on the ventilation effectiveness. Therefore, caution is 

Chapter 
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needed when using the dilution model to estimate the airflow rate or contamination level in 
the OR. A specific analysis of the airflow is highly recommended for each design of OR 
ventilation. 

Door openings have a detrimental impact on the microbiological cleanliness of the OR. The 
temperature in the OR and adjacent space should be well controlled in order to minimize the 
inter-zonal contaminant transfer, as the temperature difference is one of the major driving 
forces that determine the two-way airflow across the doorway. The conventional approach 
that quantifies only the air volume migration is not sufficient for a reliable assessment of the 
impact of door openings on the risk of SSIs. Depending on the airflow distribution in the OR, 
the resulting local contamination at the surgical wound can be dramatically different even if 
the air exchange volumes are similar. Therefore, the dispersion of penetrated contaminants 
within the OR must be considered when evaluating the impact of door openings. Temporarily 
reducing the OR exhaust flow during door operation forms a directional airflow towards the 
adjacent space, which is found to be an effective solution to ensure isolation and minimize the 
contaminant transfer. In the examined case, a 20–30% reduction in the OR exhaust flow 
significantly suppresses the air volume migration and decreases the airborne contamination to 
a sufficiently low level. 

Surgical lamps serve as physical obstructions in the airflow path and constitute a major factor 
that deteriorates the performance of LAF ventilation. The lamps distort the unidirectional 
airflow and create stagnant regions above the operating table. It is highly recommended to 
improve the shape and design of the lamps in the LAF ventilation, as the optimized shape and 
design can minimize the negative impact of the lamps on the ventilation airflow. TAF is 
found to be less sensitive to the presence of surgical lamps in the airflow path. The buoyancy-
driven airflow used by TAF is more capable of circumventing obstacles than the inertia-
driven flow used by LAF. Therefore, the shape and design of the lamps play a less important 
role in the TAF ventilation than in the LAF ventilation. Thermal plumes developed from the 
surgical equipment in the OR have the potential to distort the buoyancy-driven airflow in 
TAF. Simulation results show that TAF is able to tolerate moderately heavy heat loads and 
provide good protection for the patient. 

5.2 Future Work 

While the present study has presented a detailed assessment of ventilation performance in 
ORs, several aspects can be further investigated to get a complete overview of OR ventilation. 
It is necessary to refine the understanding of the airflow and contaminant dispersion in ORs, 
which contributes to the more effective design and more appropriate usage of OR ventilation. 

Although dynamic simulations have been performed to investigate the impact of door 
openings in this study, the effect of human activities has been neglected. The surgical staff 
has been assumed to be stationary and motionless, which is not the case during real operations 
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that are generally completed within a few hours. Apart from the continuous small-scale 
movements taking place around the patient related to the operation itself, the surgeons 
perform numerous complex manipulative movements such as bending the body and reaching 
out arms as well as other more vigorous activities. The scrub nurse may walk from the OR 
periphery to the operating table and the circulating nurse walks around the perimeter of the 
OR. The impact of such human activities on the airflow and contamination distribution should 
be studied in future work. 

The assessment of OR ventilation in the present study has been patient-oriented, which 
focuses on the protection of the patient against infections caused by bacteria shed from the 
surgical staff. However, the OR ventilation should also be able to provide a comfortable 
working environment for the surgical staff and protect them from being exposed to waste 
anesthetic gases and infectious agents released from the patient wound. Thermal comfort 
directly affects the work performance of the surgical staff and is essential in realizing a less 
error-prone situation. Therefore, the thermal comfort and protection of the surgical team will 
be evaluated in future studies. 

From the methodological point of view, both the RANS simulation and the LPT/DRW model 
adopted in this study are subject to known deficiencies. Future research works should develop 
and apply advanced numerical models to the investigation of airflow and contaminant 
dispersion in ORs. As one of the major limitations of the present study is the lack of direct 
field measurements, future studies will focus on performing measurements in real ORs during 
activity if time and resources permit. 
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