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Summary
The main objective of the master thesis is to characterize the airflow distribution in close
proximity to a patient in a supine position, in two operating theatres with different ven-
tilation systems. The two examined systems are a mixing and a laminar airflow system.
Initially, the thesis was structured into three cases. Each case considered a subtask which
was required to reach the main objective. Case 1 investigates the thermal plume of a
human in a supine position in quiescent surroundings. Both Case 2 and 3 examine the
airflow distribution above the patient and how it is affected by heat sources and obstacles.
The ventilation system of Case 2 is a laminar system, while the operating theatre of Case
3 features a mixing system. A thermal manikin is used in Case 2 and 3 to simulate the heat
loss of a patient.

Case 1 examines the thermal plumes of five human test subjects in a non-ventilated
room. The objective of the case is to investigate the thermal plume of a human and use the
findings to calibrate a thermal manikin. The results suggests that the human plume is most
powerful above the upper body, with a maximum mean centerline velocity of 0.135 m/s.

Case 2 investigates if the airflow distribution above the patient is affected by heat
sources and physical obstacles, at and around, the operating table. In addition to the ther-
mal manikin are also three heated cylinders and two surgical lamps positioned around the
table in various scenarios. The results indicates that the airflow distribution is affected by
both heat sources and obstacles. Heat sources, especially the patient, led to lower velocities
and increased values of temperature and turbulence intensity. Surgical lamps were found
to change the airflow pattern downstream, indicating the importance of lamp positioning.

Case 3 studies the same scenarios and has the same objective as Case 2, but for an
operating theatre with a mixing system. The results, compared to those of Case 2, sug-
gests that the velocities and the levels of turbulence intensity are less affected by the heat
sources. On the other hand, some of the temperatures are well above the values of Case
2. The levels of turbulence intensity are generally higher than in Case 2, ranging from
22 to 44 %. Also, the results indicates that the most significant changes from scenario to
scenario occurred below a height of 15 cm above the surface of the patient.

A phenomenon observed in the results of both Case 2 and 3 is that the surgical lamps
increase the velocities in two cross-sections. Neither of these cross-sections are close to, or
beneath, the lamps. Based on the results of Case 2 and 3, it could prove wise to include as
many heat sources and physical obstacles as possible during the design phase. The use of
omnidirectional anemometers pose a limitation and complicates the analysis of the results.
However, some of the findings in the thesis may be relevant to the design of ventilation
systems in operating theatres.
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Samandrag

Hovudmålet til master-oppgåva var å karakterisere luftstraumsfordelinga i umiddelbar
nærleik til ein liggjande pasient i to operasjonsstover med ulike ventilasjonsanlegg. Dei to
typane som vart undersøkte var fortynningsventilasjon og eit laminært luftstraumssystem.
I starten vart hovudoppgåva delt opp i tre delar. Kvar del tok for seg ei deloppgåve som var
naudsynt for å oppfylle hovudmålet. Del 1 utforskar den termiske pluma frå eit liggjande
menneske i rolege omgjevnader. Båe del 2 og 3 undersøkjer luftstraumsfordelina over
pasienten og korleis den vert påverka av varmekjelder og hindringar. Ventilasjonssystemet
i del 2 er laminært, og i del 3 er det fortynningsventilasjon. Ein termisk dukke vart brukt i
båe del 2 og 3 for å simulere ein pasient sitt varmetap.

Del 1 studerte dei termiske plumene til fem testpersonar i eit rom uten ventilasjon.
Målet med delen var å undersøkje den termiske pluma over eit menneske og nytte funna
til kalibrasjon av den termiske dukka. Resultata viser at den termiske pluma var sterkast
ved overkroppen, med ein maksimal, gjennomsnittleg sentralsnøggleik på 0.135 m/s.

Del 2 undersøkte om luftstraumsfordelina over pasienten vert påverka av varmekjelder
og fysiske hindringar som anten er rundt eller over operasjonsbordet. I tillegg til den
termiske dukka vart tre oppvarma sylindrar og to operasjonslampar plasserte rundt op-
erasjonsbordet i ulike scenario. Resultata viste at luftstraumsfordelinga vert påverka av
varmekjelder og hindringar. Varmekjelder, særskild pasienten, resulterte i lågare snøggleikar
og auka temperaturar og turbulensintensitetverdiar. Opersjonslampane endra
luftstraumsmønsteret nedstrøms, noko som illustrerar at plassering av lampane er viktig.

Del 3 tok for seg dei same scenarioane og hadde det same målet som del 2, men i ei
operasjonsstove med fortynningsventilasjon. Samanlikna med resultata frå del 2 viste re-
sultata her at snøggleikane og nivåa av turbulensintensitet vart mindre påverka av varmek-
jeldene. På den andre sida, så var nokre av dei registrerte temperaturane godt over verdiar
målt i del 2. Turbulensintensiteten var generelt høgare einn i del 2 og varierte mellom 22
og 44 %. Resultata avslørte òg at dei største endringane frå scenario til scenario fann stad
opp til 15 cm over pasienten.

Det vart observert i båe del 2 og 3 at operasjonslampane auka snøggleikane i to tverrsnitt,
når ein samanlikna med det føregåande scenarioet. Ingen av tverrsnitta var nære eller under
operasjonslampane. Med bakgrunn i resultata frå del 2 og 3 kan det vere smart å inkludere
så mange varmekjelder og hindringar som mogleg, når ein utformar anlegga. At omni-
direksjonelle anemometer vart nytta båe avgrensar og kompliserar analysen av resultata.
Likevel kan nokre av funna frå oppgåva vere relevante for utforming av ventilasjonssystem
på operasjonsstover.
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Chapter 1
Introduction

1.1 Background and problem statement

Nosocomial, or hospital acquired, infections pose a problem for both patients and hospi-
tals as they are associated with prolonged hospital stays for patients (Haley et al., 1981),
increased patient mortality (French and Cheng, 1991; Kaoutar et al., 2004), as well as
increased health care costs (French and Cheng, 1991). A study of hospitals in northern
France identified nosocomial infections as the holder of fourth place at the list of causes for
in-hospital deaths (Kaoutar et al., 2004), and according to a study by Poggio do surgical-
site infections (SSIs) rank as the second most common nosocomial infection in the US,
accounting for 20 % (Poggio, 2013). In 2016, the Norwegian Institute of Public Health
published statistics showing that 1 in 23 surgical patients had developed an infection in
the surgical wound area, with 40 % of them being characterized as deep infections (Folke-
helseinstituttet, 2016). As there is a growing attention towards the overconsumption of
antibiotics and the antibiotic-resistant bacteria, the focus should be on preventing rather
than curing SSIs.

Factors that may contribute to the risk of SSIs include among others; age and weight
of the patient, latent underlying patient illness, the surgical staff’s abilities, attention to
hygiene, and contamination levels of bacteria and particles in the operating room (OR)
(Weinstein and Bonten, 2017). Also, the role of the ventilation system has been inves-
tigated. Significant work has been put into creating ultra clean operating theatres with
high-efficiency particulate air (HEPA) filters in order to reduce the prevalence of SSIs, but
recent studies have indicated that the effort may have been uncalled for (Mchugh, Hill and
Humphreys, 2015; Bischoff et al., 2017). This means that there is a need for a thorough
investigation of the airflow in the OR and the interaction between the ventilation system,
thermal plumes, and airflow obstacles.
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Chapter 1. Introduction

1.2 Objective of study
The main objective of this study is to characterize the airflow distribution in close proxim-
ity to a patient in a supine position in operating rooms with different ventilation systems.
Two systems will be investigated; mixing and laminar airflow systems. In order to achieve
the main objective three cases, each with its own sub-objective, were established. Two of
them were field measurements performed at St. Olavs hospital, while the last one was lab
measurements at Gløshaugen, NTNU. They were:

1. Study of the thermal plume above a thermal manikin and real human beings

2. Experiment with a thermal manikin in an operating theatre with a laminar airflow
system

3. Experiment with a thermal manikin in an operating theatre with a mixing system

The assignment text of the thesis included modeling and measurements of both heat
and moisture transfer from a patient during surgery. However, due to practical limitations,
patient security, time constraints, and lack of adequate instruments, it was decided to focus
only on heat transfer and thermal plumes. The decision was taken in agreement with the
supervisor.

Conference articles

A subtask of the thesis was to prepare a conference article to disseminate the results. Two
articles presenting the results from similar experiments conducted in autumn 2017 was
submitted to two different conferences. They can be found in the appendices.

1.3 Structure and methodology
Initially on this master thesis a Gantt chart was made to plan and get an overview of the
work. As time progressed, most of the tasks went as planned.

The thesis is divided into five main parts: literature review, a study of the thermal
plume of a human in a supine position, experimental setup, results, and discussion. The
literature review is meant to provide an analysis of the airflow distribution close to a patient
and it includes; a brief presentation of the history of ventilation of operating theatres, a
description of the two ventilation systems, a comparison of how various factors affect the
performance of the ventilation system, Norwegian standards and guidelines, and a part
about how a wound and its healing process is affected by the ambient air.

The second part is a study of the thermal plume of a human in a supine position. This
part presents the theory for calculations of convective heat loss and other equations that
are essential in order to test whether existing mathematical models can be applied to the
human thermal plume. Part three presents the experimental setup, after which the results
are presented. The fifth part comprises a discussion of the results and methods, as well as

2



1.3 Structure and methodology

suggestions for the design of airflow distributions in operating theatres and future studies.
A conclusion follows the discussion.

Theory and literature in this thesis were found mainly by using the search engine of
the university library and oria.no. A substantial part of the scientific articles come from
the two databases ScienceDirect and Google Scholar.
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Chapter 2
Literature Review

The chapter will present a literature review of ventilation of operating theatres. This in-
cludes presenting the two governing ventilation principles in operating theatres, a brief
summary of the history of hospital ventilation, standards for OT ventilation, a comparison
of two ventilation principles and how their performances are affected by different factors,
and an assessment of the wound microenvironment.

2.1 Ventilation of operating theatres

The overall objective of the ventilation system in an operating theatre is to provide a
healthy and secure indoor environment for the patient and the surgical staff. This includes
keeping the temperature and relative humidity within specified ranges, safely removing
and preventing bacteria from reaching critical areas, providing fresh clean air, removing
anesthesia gases, and ensuring thermal comfort for the patient and the surgical staff. The
design of the ventilation system has to take into account the way the air is removed from
contaminated areas, and the amount of supply air needed in order to perform the task sat-
isfactorily. The latter point is also a question of economy, as larger air volumes result
in higher operational and building costs. Another important aspect is that even though
two ventilation systems deliver the same amount of fresh air, the contamination removal
efficiency of each system may differ.

Depending on the type of surgery there may be different requirements for the indoor
environment in an operating theatre. For instance, the demands of a joint replacement
procedure and a surgery involving significant burns could differ considerably (Nastas et al.,
2016). Therefore it may be reasonable to use operating theatres with different ventilation
systems depending on the surgical procedure. According to Zoon, Loomans, and Hensen
(2011), there are in general two main principles being used for ventilation of operating
theatres: mixing and laminar airflow (LAF) systems.

5



Chapter 2. Literature Review

2.1.1 Brief history

Surgery was for a long time usually performed at the hospital ward, but this changed in
the 18th century when operating theatres were opened in order to improve the teaching of
surgery (Stacey and Humphreys, 2002). A major revolution in operating theatre practice
occurred after Lister’s groundbreaking paper from 1867, where he proved the benefits of
antisepsis (Lister, 1867). Following the paper, the design of operating theatres was focused
on minimizing the risk of infection (Essex-Lopresti, 1999). In the 1930s the air quality of
the operating theatre gained renewed interest (Lidwell, 1981), and in 1946 one of the first
studies on wound infections and airborne bacteria was published (Stacey and Humphreys,
2002).

Blowers and Crew (1960) published a study in 1960 in which they investigated op-
erating theatres across Britain and performed experiments in a dummy theatre. In the
theatre, they investigated different airflow distribution systems, the effects of pressuriz-
ing, and airflow patterns among others. Based on their results they suggested some design
specifications for operating theatres in order to remove contaminants effectively and avoid
cross-contamination. The suggestions included filtering of the supply air in order to re-
move bacteria, pressurizing of the operating theatre to avoid contaminated air from adja-
cent rooms leaking in, and installation of doors between the operating theatre and adjacent
rooms.

In the 1980s the focus of operating theatre design shifted towards ultra clean air venti-
lation (UCV) systems, as some major studies found that these systems could significantly
reduce the number of airborne bacteria in an operating theatre (Whyte, Hodgson and Tin-
kler, 1982) and also reduce the risk of developing deep sepsis (Lidwell et al., 1982), com-
pared to conventionally ventilated theatres. However, recent studies have indicated that
the basis for this focus may have been wrong. In 2017 Bischoff et al. (2017) concluded
that ultra clean ventilation does not hold an advantage regarding SSIs compared to conven-
tional ventilation, while another study found that the supposed correlation between LAF
and lower rates of SSIs is uncertain and that recent studies actually suggests LAF be linked
to higher rates (Mchugh, Hill, and Humphreys, 2005).

2.1.2 Mixing ventilation

Mixing ventilation is often referred to as conventional ventilation as far as ventilation of
operating theatres is concerned. The principle is that air at high velocity is supplied to the
room by air jets in order to stir the air in the entire room (Nilsson, 2003). A sketch of
an operating theatre with a mixing system is shown in Figure 2.1. The movement of the
air volume causes near uniform distribution of both temperature and contaminants in the
room air, and increasing the ventilation rates leads to lower concentration of contaminants
(Zoon, Loomans, and Hensen, 2011). As the supply velocity is quite high is it common to
locate the supply device outside the occupancy zone, often in the ceiling (Nilsson, 2003).
Due to the nearly uniform distribution of contaminants the exhaust devices may be placed
arbitrarily (ibid.).
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Figure 2.1: Principle of mixing system in an operating theatre

2.1.3 Laminar airflow

A system with laminar airflow is based on the principle of a piston flow, where the air
is moving like a piston from the roof to the floor, floor to the roof or from a wall to
the opposite side. In a laminar system the air is supplied from a large inlet area, with a
uniform velocity distribution across the entire area (Nilsson, 2003). The supply velocity
is unidirectional and must be high enough to overpower any convective airflow, and this
causes a laminar system to require high airflow rates in order to keep the flow stable (ibid.).
The air is diffused through a fine-meshed HEPA filter in order to remove 99.97 % of
bacteria-carrying particles (BCP) in the size range of 5 to 60 µm, and bacteria itself with
a size range of 1 to 2 µm (Friberg, 1998). A combination of laminar airflow and HEPA
filters has been defined as an ultra clean air system (ibid.). The design of a laminar system
often includes walls enclosing the supply area, as to prevent mixing of clean air and older,
contaminated air (Friberg, Friberg and Burman, 1996). Figure 2.2 shows a sketch of a
vertical laminar system.

Figure 2.2: Principle of a vertical laminar system in an operating theatre
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2.2 Comparison of laminar airflow and mixing systems in
operating theatres

The performance and efficiency of LAF and mixing systems in operating theatres are of-
ten investigated in terms of the number of bacteria carrying particles in the room air or the
number of particles that hits certain surfaces. The unit colony forming units (CFU) per
cubic meter of air is frequently used when evaluating the cleanliness of the air. The Nor-
wegian guidelines for operating theatres state threshold values for this measure, depending
on the ventilation system of the operating room. Multiple studies have investigated they
way in which different factors affect the efficiency of the two different ventilation systems,
and Table 2.1 summarizes the findings. Unfortunately, studies on some of the factors and
their influence were not found, with the majority of these concerning the mixing system.
These fields have therefore been left blank in the table and should be investigated in the
future.
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Table 2.1: Comparison of mixing and laminar airflow ventilation

Factor Mixing LAF
Postion of the
operating table
and the surgical
team

Significant (Department of
Health, 2007).

Positioning of
the surgical
lamps

Significant (Aganovic et al.,
2017; Brohus, Balling and
Jeppesen, 2006; Chow and
Yang, 2005; Sadrizadeh,
Holmberg and Tammelin,
2014). Crucial to the air-
flow distribution close to the
patient, obstructs the airflow.

Number of per-
sonnel in the
OT

Disputed. Rezapoor et al.
(2018) and Sadrizadeh et al.
(2014) found it to be sig-
nificant, while Alsved et al.
(2018) and Smith et al. (2013)
did not.

Surgery staff
clothing system

Significant (Tammelin,
Ljungqvist and Reinmüller,
2012). Vital importance to
staff source strength.

Significant (Sadrizadeh and
Holmberg, 2014). Vital impor-
tance to staff source strength.

Door discipline Disputed. Alsved et al. (2018)
reported no correlation be-
tween the number of door
openings and concentration of
CFU, while Scaltriti et al.
(2007) found the number of
openings to be positively cor-
related to the number of bacte-
ria in the OT.

Disputed. Alsved et al. (2018)
and Erichsen Andersson et
al. (2014) reported no signif-
icant effect, while Agodi et al.
(2015) and Smith et al. (2013)
stated that the contamination
rate increases with the number
of door openings.

Movement in
the periphery
area

Significant (Brohus, Balling
and Jeppesen, 2006). Can
cause transportation of bacte-
ria to the sterile zone.

Posture of the
surgical staff
close to the
patient

Significant (Chow and Yang,
2012; Sadrizadeh and Holm-
berg, 2014; Sadrizadeh,
Holmberg and Tammelin,
2014). Causes formation
of eddies and obstructs the
airflow, which can elevate
levels of BCP.
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2.3 Norwegian standards and regulations for operating
theatre ventilation

As different surgical procedures have different requirements in terms of the indoor envi-
ronment, standards and guidelines regarding ventilation of operating theatres often provide
ranges for the regulated parameters, rather than specific values. Standards and guidelines
often provide recommendations for: supply air temperature, the number of air changes
per hour (ACH) in the room, relative humidity, and supply air velocity. In a comparative
review of European operating room ventilation standards, by Nastase et al. (Nastase et al.,
2016), the authors found that the national standards vary significantly. Requirements for
general and ultra clean operating theatres in Norway (Aune, 2015) are listed in Table 2.2.
The two categories of operating theatres also have different requirements in terms of air
quality, which concerns the number of colony forming units per cubic meter of air. The
Norwegian Board of Health Supervision (Andrew, Myhr and Skulberg, 1997) state that
ultra clean and general operating theatres should keep the number of airborne microbes
beneath 100 and 10 CFU/m3, respectively. As can be seen in Table 2.2, the two types of
OTs have similar requirements in every aspect, except airflow.

Table 2.2: Requirements for operating theatres in Norway

Airflow Pressure Filtration Supply
location

Exhaust
location

General
(Mixing
system)

20 ACH Positive
(5-10
Pa)

HEPA
14

Ceiling 2/3 at low
level, 1/3
at ceiling

Ultra
clean

Air velocity
of 0.25-0.28
m/s

Positive
(5-10
Pa)

HEPA
14

Ceiling 2/3 at low
level, 1/3
at ceiling

The author has been unable to find Norwegian requirements for neither the relative
humidity, nor the air temperature. Thus, the recommended range of 20-60 % relative
humidity from the ASHRAE Standard 170 Addendum d (2011, cited in Rousseau, 2011)
has been assumed. As for the air temperature, a recommended design air temperature range
of 18-24◦C is stated in both the Dutch recommendations C.b.z (2004, cited in Nastase et
al., 2016) and the German D.D.G.f (2002, cited in Nastase et al., 2016), and is therefore
considered a suitable range, with the caveat that the author considers it outside the scope
of the scope of this thesis to explore the justification for this recommendation.

2.4 Turbulence intensity

Bailly and Comte-Bellot (2015) define a turbulent flow as flow characterized by arbitrary
and unpredictable behavior. Eddies forming in a turbulent flow will cause variations in
the velocity, meaning that the velocity at any time will be the sum of the mean and the
turbulent component. Turbulence intensity is defined as the ratio between the root mean
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square of the velocity fluctuations due to turbulence, and the local mean velocity (ibid.),
and is often expressed in terms of %. Turbulence causes mixing of air and thus increases
particle dispersion (Buchanan and Dunn-Rankin, 1998). As a result, the levels of turbu-
lence intensity should be of interest in an operating theatre, but no standard or guideline
describing what is considered a low, medium or high level was found. However, in a study
by Karthikeyan and Samuel (2008), the authors refer to a turbulence intensity of 12.5 %
as a high level.

2.5 Wound microenvironment and wound healing
One can distinguish between the internal and external wound microenvironment when con-
sidering a wound and its healing process. According to Kruse et al. (2015), the external
microenvironment is the outer part of the wound, which borders to the wound surface. Pa-
rameters in the external microenvironment that affect the wound healing are temperature,
pressure, the presence of certain gases, microbes, hydration and pH (ibid.). The wound
temperature is dependent on both the blood flow and the ambient air temperature, and an
increase in wound temperature is associated with vasodilatation (ibid.). Vasodilatation is
the phenomenon of widened blood vessels (Arnesen, 2018), and it increases the transport
of nutrients and oxygen to the wound (Kruse et al., 2015), thus enhancing the healing
process (Harper, Young and McNaught, 2014). Heat loss due to evaporation may lower
the wound temperature. The velocity of the ambient air and the turbulence intensity both
affect the convective heat loss of the wound (Murakami, Kato and Zeng, 1997).

The human skin acts as a vapor barrier, due to its low permeability, and therefore re-
duces the loss of fluid through evaporation (Scalise et al., 2015). Following a traumatic
injury or during a surgical procedure, the barrier effect is reduced locally and the evapo-
rative loss of fluids increased (Kruse et al., 2015), potentially causing the wound to dry.
This is unfortunate, as studies by Scalise et al. (2015) and Vranckx et al. (2002) state that
a wet or moist wound microenvironment enhances the wound healing process.
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Chapter 3
Thermal plume of a human in a
supine position

The chapter presents the requisite theory for the development of a mathematical model for
the thermal plume of a human in a supine position.

3.1 Thermal plumes
A person in a supine position will experience heat transfer through several mechanisms:
convection to the surrounding air, radiation to the surrounding surfaces, conduction to the
solid materials in direct contact with the body, evaporation from the skin, and respiration.
Heat loss caused by convection is the result of a temperature gradient between the skin and
the surrounding air, as the surface temperature of a human exceeds the air temperature un-
der normal conditions. The temperature difference induces a buoyancy-driven airflow, as
heated air close to the skin will rise due to reduced density, and a thermal plume is formed
(Goodfellow and Tähti, 2001). The formation of the plume and the amount of air entrained
in the plume depend on several factors. Kondrashov, Sboev, and Dunaev (2016) point to
the geometry and shape of the heat source, as well as the surface temperature, as essential
factors for the formation and generation of a boundary layer. Zukowska, Popiolek, and
Melikov (2010) claim that the surface temperature, geometry of shape and surface area of
the heat source are important to the generation of the plume, while Goodfellow and Tähti
(2001) state that the power and geometry of the heat source, as well as the temperature of
the surrounding air, determine the amount of air entrained by the plume.

Zukowska, Popiolek, and Melikov (2010) divide a thermal plume into three main re-
gions. The first one, known as the initial region, is the region closest to the heat source.
It starts off as the convective boundary layer around the source before it transforms into a
turbulent flow, and the plume develops (ibid.). The second region is known as the region
of self-similarity of mean motion, and the plume in this region is characterized by turbu-
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lent flow and axis-symmetry (ibid.). Also, both the velocity and temperature distribution
have Gaussian profiles. As the plume develops more air is entrained and the maximum
velocity gradually reduced. The third region depends on whether the plume develops in
an environment with or without stratification. If there is no stratification will the plume
spread linearly, while if there is will the plume reach its maximum height and spread out
horizontally as a stratified layer (ibid.).

The thermal plume is elusive and sensitive to changes and may be subject to the phe-
nomenon of plume axis wandering (Zukowska, Popiolek, and Melikov, 2010). The plume
axis ”wanders” off, and the vertical position changes from the one directly above the heat
source. Zukowska, Popiolek, and Melikov (2010) claim it is caused by major fluctuations
in the plume, which could originate from variations in the surrounding conditions, unsta-
ble flow in the convective boundary layer, or the heat source itself. The outcome of plume
axis wandering could be increased scattering of obtained measurement results.

3.2 Convective heat output from a human
The convective heat output is an essential factor in order to predict how the thermal plume
will develop and behave. The general equation for the convective heat output is presented
in Equation 3.1

Q̇k = hc ∗Ac ∗
(
Ts − T0

)
(3.1)

where Q̇k is the convective heat output in W, hc is the convective heat transfer coeffi-
cient in W/m2*K, Ac is the convective surface area in m2, Ts the surface temperature and
T0 the temperature of the surrounding fluid (Incropera et al., 2013), the last two expressed
in terms of K. The convective heat transfer coefficient, hc, for a human was in a study
by Kurazumi et al. (2008a) found to vary with body posture for natural convection. In
the mentioned study the authors performed measurements in order to determine hc for a
person in a supine position. The authors suggest the following equation (Kurazumi et al.,
2008a)

hc = 0.881 ∗ ∆T 0.368 (3.2)

where ∆T is the difference between the air temperature and the mean skin temperature,
the latter corrected using convective heat transfer area (ibid.). The convective heat transfer
area correction in Equation 3.2 is based on a convective heat transfer area ratio of 0.844,
suggested by Kurazumi et al. in a study from 2004 (Kurazumi et al., 2004). In the studies
by Kurazumi et al. (2004) and by Kurazumi et al. (2008a) were the test subjects lying flat
on the floor during the experiments for a person in the supine position.

The convective heat transfer area, Ac, in Equation 3.1 does also have to be determined
as the convective heat transfer does not occur over the entire body surface when a person
is in a supine position (Kurazumi et al., 2004). Kurazumi has investigated the convective
heat transfer area ratio in several studies and in a study from 2008 the authors found the
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ratio to be 0.811 (Kurazumi et al., 2008b). The formula for the convective heat transfer
area is therefore as presented in Equation 3.3.

Ac = 0.811 ∗A (3.3)

The body surface area, A, in Equation 3.3 must also be determined in order to calculate
the convective heat output. In their study from 2010 proposed Yu, Lin and Yang (2010)
a formula for the body surface area based on the weight and height. They developed
the equation from a sample consisting of 270 human subjects, and in a test of accuracy
demonstrated their equation a smaller estimation error than that of the widely used DuBois
and DuBois formula (Yu, Lin and Yang, 2010). The equation by Yu, Lin and Yang is
presented in Equation 3.4, where H is the height in cm, W the weight in kg, and A the
body surface area in m2.

A = 0.00713989 ∗H0.7437 ∗W 0.4040 (3.4)

The equations 3.1, 3.2, 3.3 and 3.4 were used during the analysis of the results of this
thesis.

3.3 Mathematical models for thermal plumes

Eimund Skåret did in ”Ventilasjonsteknisk Håndbok” from 2000 derive equations for ther-
mal plume development. They are based on the assumption of quiescent surroundings with
uniform air temperature (Skåret, 2000). The equations will be used during the analysis of
the results from the experiments in the climate chamber at Gløshaugen.

Skåret (2000) suggested the formula given in Equation 3.5 for the centerline veloc-
ity above a point source. In the derivation of the point source equation, Skåret assumed
axisymmetric flow (Skåret, 2000). The nomenclature is explained in Table 3.1.

Um =
1.63

C
2/3
b

∗
( gβ
ρcp

)1/3

∗
( Q̇k

z + z0

)1/3

(3.5)
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Table 3.1: Nomenclature in the equations for a thermal plume

Parameter Description Unit
Um Centerline velocity m/s
Cb Proportionality factor. Equal to the

tangent of the spread angle α
-

g Gravitational acceleration m/s2

β Volumetric thermal expansion coef-
ficient

1/K

ρ Fluid density kg/m3

cp Specific heat capacity kJ/kgK
Q̇k Convective heat ouput kW
z Vertical distance from origin m
z0 Vertical distance from source to vir-

tual origin
m

The value of 1.63 is based on the geometry of a point source. Skåret (2000) also sug-
gested a formula for the centerline velocity above a line source. During the derivation of
the equation, Skåret assumed plan symmetrical flow. The formula is presented in Equation
3.6.

Um =
1.37

C
1/3
b

∗
( gβ
ρcp

)1/3

∗ Q̇k
1/3

(3.6)

Skåret (2000) states that the boundary lines of a convective flow are straight lines, as
they are for normal jets, and therefore suggests a proportionality factor Cb equal to 0.235.
When this value is applied in the Equation 3.5 and Equation 3.6 they turn into the following
equations:

Point source

Um = 4.27 ∗
( gβ
ρcp

)1/3

∗
( Q̇k

z + z0

)1/3

(3.7)

Line source

Um = 2.22 ∗
( gβ
ρcp

)1/3

∗ Q̇k
1/3

(3.8)

Some of the parameters in Table 3.1 are tabulated, and Skåret (2000) suggested values
for them under regular temperatures. These values are presented in Table 3.2 and are in
accordance with the values found in tables from Incropera et al. (2013).
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Table 3.2: Parameter values under regular temperatures

Parameter Value
ρ 1.2 kg/m3

β 1/300 1/K
cp 1 kJ/kgK
g 9.81 m/s2

3.3.1 Distance to the virtual origin z0
A convective flow from a horizontal surface is significantly harder to evaluate than a flow
from a point or line source, due to unstable behavior and because the air leaves different
surface positions at different times (Goodfellow and Tähti, 2001). As a result are most of
these surfaces treated as extended surfaces, where their centerline velocities and flow rates
are calculated from a virtual source (ibid.). The virtual origin is located at the opposite
side of the real surface along the plume axis, as illustrated in Figure 3.1, at a distance z0
from the surface.

Figure 3.1: Extended surface and virtual origin

Formulas for the calculation of z0 have been proposed by various researchers. Skåret
(2000) stated that in practice will z0 be in the range of 0-0.5 times the diameter of the
source, while Goodfellow and Tähti (2001) suggested Equation 3.9 for a virtual source
below a flat plate.

z0 = 1.47 − 2.25 ∗D (3.9)

Morton, Taylor and Turner (1956, as cited in Goodfellow and Tähti 2001) suggested
Equation 3.10 for the position of the virtual origin below a real source.

z0 = 1.7 − 2.1 ∗D (3.10)

It was decided to use Equation 3.9 proposed by Goodfellow and Tähti during the com-
parison of theoretical and experimental values.
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3.3.2 The proportionality factor Cb

The location of the virtual origin has a major impact on the spread angle, α, of a heat
source. The distance from the plume axis to the plume boundary is often denoted as b, and
it increases with increasing height above the heat source, z, as can be seen from Figure
3.1. The plume boundary b can be found experimentally through velocity measurements,
and based on this may linear regression be utilized in order to find an expression for the
plume boundary b. The linear expression will have the form presented in Equation 3.11.

b(z) = az + c (3.11)

The a in Equation 3.11 may then be used to find the spread angle, α, of the heat source,
and the proportionality constant can be calculated from the spread angle. The two relations
are presented in Equation 3.12 and Equation 3.13.

α = arctan
(1

a

)
(3.12)

Cb = tan(α) (3.13)

3.4 Models of the thermal plume from a human in supine
position

Human thermal plumes are extremely individual as plumes depend heavily on biological
factors like skin surface temperature and body geometry, for instance. Several studies
have investigated the thermal plume of a human, with most studies focusing on a human in
sitting or standing position. There is, however, a lack of studies investigating the thermal
plume of human in a supine position, and the author was able to find only one study
focusing on the plume centerline velocity. Storås (2017) performed measurements above
a thermal manikin and proposed Equation 3.14 for the whole body as a line source, based
on an experimentally determined proportionality factor of 0.286.

Um = 2.08 ∗
( gβ
ρcp

)1/3

∗ Q̇k
1/3

(3.14)

In the same thesis did Storås (2017) also propose two equations for the plume center-
line velocity above the stomach of the manikin, while modeling the stomach as a point
source. The first, Equation 3.15, was based on finding the proportionality constant, while
the second one, Equation 3.16, was based on the assumption of a Gaussian distributed
velocity profile.

Um = 3.31 ∗
( gβ
ρcp

)1/3

∗
( Q̇k

z + z0

)1/3

(3.15)

Um = 3.39 ∗
( gβ
ρcp

)1/3

∗
( Q̇k

z + z0

)1/3

(3.16)
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Experimental setup

The chapter will describe the setup for the experiments performed both at St. Olavs hospi-
tal and the climate chamber at Gløshaugen, NTNU. It contains descriptions of the setup for
each case, assessment of the instrumentation and information about the thermal manikin.

4.1 Case 1: Study of the thermal plume above a thermal
manikin and real human beings

The first case was carried out in the climate chamber at Gløshaugen, NTNU. The room
offers the possibility to turn off the ventilation system, making it possible to study the
thermal plume of the thermal manikin and real human beings without disturbances caused
by the ventilation system. It has a rectangular shape with a floor area of 9.2 m2 and a
height of 3.15 m, with a door of 1.77 m2 as the single entry point. The door remained
closed during the recordings. Figure 4.1 provides a sketch of the room.

Figure 4.1: The climate chamber

The room features neither a cooling nor heating system, leaving ventilation through
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the opening of the door as the only option for temperature control when the ventilation
system in the room is turned off.

The objective of this case was to study the thermal plumes above real human beings
in quiescent surroundings and to use the findings to adjust the thermal manikin so that its
thermal plume resembled the one of a real human.

4.1.1 Thermal manikins

Thermal manikins have been used for over 70 years, with the first one being developed for
the US army in the early 1940s (Holmèr, 2004). Their two main areas of application are
the evaluation of the thermal insulation of clothing and the assessment of how a human
body acts in various thermal environments (Foda and Sirèn, 2012). There are three main
control modes for thermal manikins (ibid.): Constant Skin Surface Temperature, Constant
Heat Flux, and Comfort Equation mode, commonly abbreviated CST, CHF, and CE, re-
spectively. The most frequently used mode is the CST, which utilizes feedback control in
order to maintain a specific skin surface temperature.

Advantages related to the use of thermal manikins are among others their ability to
simulate local heat fluxes in three dimensions and to provide a fast and easy way for
simulation in general. Another benefit from the use of manikins is that the method is both
repeatable and possible to standardize (Holmèr, 2004).

4.1.2 The thermal manikin for the experiments

A male manikin was used during the experiments. The manikin is 190 cm tall and in stand-
ing position. The model is called Clark 4WI (white), produced by Morten Finckenhagen
Butikkinnredninger AS and made out of fiberglass. As the manikin resembles a person
with a standing posture is the left knee slightly bent, making it a protruding part.

Storås (2017) did in her master thesis use the same manikin as the one used in these
experiments. She measured the surface area of each body part based on the assumption
of a total body surface area of 1.98 m2, where the total area was calculated by using the
DuBois and DuBois formula. Table 4.1 provides an overview of the body parts and their
surface area as measured by Storås (2017).
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Table 4.1: The thermal manikin’s body parts and their surface area

Name of body part Area [m2]
1 Left foot 0.05
2 Right foot 0.05
3 Left leg 0.15
4 Right leg 0.15
5 Left thigh 0.23
6 Right thigh 0.23
7 Crotch 0.18
8 Head 0.11
9 Left hand 0.045
10 Right hand 0.045
11 Left arm 0.07
12 Right arm 0.07
13 Left shoulder 0.08
14 Right shoulder 0.08
15 Chest 0.22
16 Back 0.22
In total 1.98

The manikin is hollow and fitted with heating cable on the inside to achieve the wanted
heat output. The cable has a heat output of 20 W/m, and the way it is wrapped is shown in
Figure 4.2. The amount of heating cable in each body part is based on the ratio between
the area of the body part and the total surface area. Unfortunately, the structure of the
manikin makes it impossible to install heating cable in the hands and feet, and thus they
can only reach the temperature of the surroundings.

Figure 4.2: Heating cable placement inside the manikin

21



Chapter 4. Experimental setup

The manikin was representing a person in a supine position during the experiments
and the metabolic rate was therefore assumed to equal 0.8 MET (Novakovic et al., 2014).
A metabolic rate of 1.0 MET is defined as a power production of 58.15 W/m2 for a human
(ibid.). Along with the total surface area were these numbers used to calculate the total
heat output:

1.98m2 ∗ 58.15W/m2 ∗ 0.8 = 92.11W (4.1)

However, the manikin was designed for a heat output of 230 W, which means that it
was oversized for this experiment. This made the surface temperature and heat output
control challenging. The control strategy of the thermal manikin combined two of the
strategies presented in chapter 2.5, as both the power supply and surface temperature was
controlled. Temperature sensors are installed on the inside of the manikin in the arms, legs,
and head and upper body, meaning that temperature control is divided into three regions.
The three set point temperatures can be adjusted through a control panel, and the heating
system is active until the setpoint temperature of each circuit is reached. Whenever one
of the temperatures drop below the setpoint value is the heating system reactivated in the
relevant circuit. Since the temperature is measured on the inside of the manikin, the thermo
detector Bosch PTD 1 was regularly used in order to check the surface temperatures. The
heating cable inside the manikin is not uniformly installed, causing significant variations in
the skin surface temperature. This was noticeable in the forehead, where the temperature
was relatively low, and in the left leg, where the temperature was higher than average.

The surface temperature of the manikin is essential to the development of the thermal
plume and should be frequently controlled. According to Hanssen (1991, as cited in No-
vakovic et al. 2014) does the skin temperature for a real human vary between 32 and 34
◦C under normal conditions, so in principle is that the desired range of temperature.

An energy meter was connected to the power cable of the manikin, making it possible
to monitor the power supply. It was noted that the power supply experienced large vari-
ations, with a maximum value of 205 W and a minimum of 0 W. The maximum value
appeared infrequently, and besides the initial heating, were high values observed only for
short periods of time. It was also noted that the heating had a cyclical tendency, with short
periods of high power being followed by longer periods of low power. The vast majority
of the readings were below 92.11 W.

The thermal manikin was dressed in light clothing corresponding to an insulation level
of 0.5 clo (Novakovic et al., 2014).

4.1.3 Human subjects
In order to calibrate the thermal plume of the manikin were measurements above real
humans performed. Since the manikin is a male, it was decided to only make use of male
human subjects. Five healthy males participated and Table 4.2 provides an overview of
some relevant participant data. The human subjects were dressed in the same clothing as
the thermal manikin, with an insulation level of 0.5 clo.
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4.1 Case 1: Study of the thermal plume above a thermal manikin and real human beings

Table 4.2: Participant data for case 1

Range Average
Age 23-39 27.8
Height [cm] 170-194 182.2
Weight [kg] 60-92 74.4

Contact with the Norwegian Centre for Research Data

As the measurements in this case involved real humans and collection of personal infor-
mation, was the Norwegian Centre for Research Data, NSD, contacted. According to
their guidelines was a Notification Form submitted, describing the project and how the
privacy of the human participants would be protected. NSD carried out an assessment of
the project and sent a reply describing which measures should be taken. The assessment
from NSD is placed in the appendices.

4.1.4 Setup
The human subjects were laying down at the operating table while measurements were
performed above them. The operating table consists of three rectangles. The first one,
supposed to be at head height, is 28x23.5 cm. The middle one is 68x60 cm, and the
one at the bottom 94x48 cm. Together they form an operating table which is 190 cm
long. The table surface height is 70 cm above floor level. The temperature of the room
increased during the measurements, as both real human beings and the thermal manikin
emit heat. The door had to be opened between each measurement in order to move and
adjust the sensors, and this provided a cooling effect. The door openings along with the
heat emission from the experiment subjects caused a fluctuating temperature, and the room
air temperature during the experiment was kept in the range of 23±0.5◦C. The ventilation
system of the room was turned off during the experiment and the background velocity was
measured to between 0.01 and 0.02 m/s by using the handheld anemometer TSI 962.

4.1.5 Measurement points
The measurements were performed at five cross-sections above the supine body. The
cross-sections were located above the knees, the pelvis, the waist, the chest and the fore-
head, and were chosen to investigate the airflow above anatomical different locations.
They are shown in Figure 4.3. At each cross-section were measurements performed at
three heights; 5, 15 and 25 cm above the skin of the location. This approach was chosen as
the geometry of a human body is complex and uneven, and thus locally fixed coordinate
systems give airflow data at comparable heights.
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Chapter 4. Experimental setup

Figure 4.3: Measurement points case 1

4.2 Case 2: Experiment with a thermal manikin in an op-
erating theatre with LAF

The second experiment took place in ”Operasjonsstue 8” at ”Bevegelsessenteret” at St.
Olavs Hospital in Trondheim. The operating room has a vertical LAF ventilation system
with a ceiling diffuser of 11.56 m2, and the diffuser area is encircled by 110 cm long glass
walls stretching towards the floor. There are two exhaust outlets mounted at the wall close
to floor level, both with an area of 0.1917 m2. The OR has an area of 56.58 m2 and a
ceiling height of three meters and is connected to an adjacent corridor through a door with
an area of 3 m2. The door remained closed during the recordings.

During surgery is the ventilation system set at full speed. The temperature control
of the OT is based on temperature sensors in the exhaust ducts. Due to electrical equip-
ment and metabolic heat production by the people in the OT is the supply air temperature
somewhat lower than the setpoint temperature. During the experiments, the supply air
temperature was measured to be 20±1◦C. The relative humidity of the air in the OR is
monitored at a display in the room and was observed to range from 8-29 % during the
experiment.

The objective of this case was to control the state of the ventilation system in the OT
and to study the airflow distribution above the patient. The latter includes the interaction
of the laminar supply airflow and the convective airflows generated by the surgical staff,
as well as the influence of surgical lights.
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4.2 Case 2: Experiment with a thermal manikin in an operating theatre with LAF

4.2.1 Scenarios and setup
Four different scenarios were considered for this case and Table 4.3 provides an overview
of them.

Table 4.3: Scenarios in OT with LAF

Scenario Description
1 Empty operating table
2 Only patient
3 Patient and surgical staff
4 Patient, surgical staff and surgical light

Prior to the experiment was the OT prepared as for a real surgical procedure. The
operating table was set in the middle of the sterile zone, and other tables and equipment
were removed from the zone. The height of the table was set to 90 cm. The patient was
in each scenario represented by the thermal manikin previously described. The setpoint
temperature of the theatre was set to 22.0◦C in all of the scenarios, and the ventilation
system set at full speed.

As the objective of this case was to control the OT ventilation system and to investigate
the airflow distribution above the patient, the patient featured in scenario 2, 3 and 4, while
a new element was introduced in each of the scenarios.

Observation of a real operation

In order to get a better understanding of the movement and positioning of the surgical staff,
was the author invited to observe a real operation in ”Operasjonsstue 8” at ”Bevegelsessen-
teret” at St. Olavs Hospital. The surgical procedure was a knee replacement. There were
three persons in the sterile zone during the procedure: One surgical nurse at the foot end
of the operating table, and two surgeons positioned at each side of the middle of the table.
Also, there were two nurses in the operating theatre who remained outside the sterile zone.
The surgical lamps were positioned above the foot and head end of the operating table, as
can be seen in Figure 4.4, with the light focused on the middle of the table.

Figure 4.4: Picture from a real operation
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Scenario 1: Empty operating table

In the first scenario was the objective to control the state of the OR ventilation system.
Hence there were only an empty operating table in the sterile zone. Measurements above
the empty operating table were conducted, and the results obtained in this scenario will
serve as references for the other scenarios. A sketch of the setup can be seen in Figure 4.5.

Figure 4.5: Sketch of scenario 1

Scenario 2: Only patient

Scenario 2 includes the patient in a supine position. The main objective of this master
thesis is to characterize the airflow distribution close to the patient, hence is the patient
now kept constant while additional elements are introduced. The manikin is positioned so
that the heels are 14 cm from the short end of the operating table. The objective of this
scenario is to study the interaction between the plume generated by the patient, and the
laminar supply airflow. Figure 4.6 shows a sketch of the setup.

Figure 4.6: Sketch of scenario 2
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4.2 Case 2: Experiment with a thermal manikin in an operating theatre with LAF

Scenario 3: Patient and surgical staff

Scenario 3 includes the patient and the surgical staff, and the setup is illustrated in Fig-
ure 4.7. The staff is meant to represent two surgeons, standing at opposite sides of the
operating table, and one nurse positioned at the foot end of the operating table. The staff
and their presence are being simulated by cylinders containing light bulbs. Simulation of
surgery staff by the use of geometrical shapes with a certain convective heat loss has been
done in previous studies (Chow and Yang, 2005; Chow and Wang, 2012), and was there-
fore chosen for this thesis. Each cylinder is 140 cm tall, and have a diameter of 40 cm. In
order to simulate the convective heat loss from the staff were light bulbs placed inside the
cylinders, each bulb with a power of 100 W. As the convective heat loss from a person is
dependent on several factors like skin surface temperature, level of activity and tempera-
ture of the surrounding air among others, is this a rough estimate. However, 100 W has
been used in previous studies (Memarzadeh and Manning, 2002; Chow and Yang, 2005;
Chow, Lin and Bai, 2006; Chow and Wang, 2012) and was hence chosen. The objective of
this scenario is to study the influence of the surgical staff’s thermal plumes on the airflow
distribution above the patient.

Figure 4.7: Sketch of scenario 3

Scenario 4: Patient, surgical staff and surgical lights

Scenario 4 includes the patient, the surgical staff, and surgical lights, and a sketch of
the setup is shown in Figure 4.8. The two lamps both have a hemispherical shape and
diameters of 60 and 85 cm respectively. Also, both feature halogen bulbs with filters
preventing heat dissipation on the operating field and color temperatures of 4300 K. They
are positioned directly above each short end of the operating table, focusing their light
towards the lower abdomen of the patient. The largest lamp is positioned above the foot
end, while the smaller one is above the head of the patient. Both lamp centers are 210 cm
above floor level. The objective of this scenario is to study the influence of the surgical
lamps on the airflow distribution above the patient. Figure 4.9 shows photos of each of the
four scenarios.
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Figure 4.8: Sketch of scenario 4

(a) Scenario 1 (b) Scenario 2 (c) Scenario 3

(d) Scenario 4

Figure 4.9: Photos from the scenarios
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4.2 Case 2: Experiment with a thermal manikin in an operating theatre with LAF

4.2.2 Measurement points
The measurements were performed at the same five cross-sections as in Case 1, shown in
Figure 4.3. At each cross-section were measurements performed at six heights; 5, 10, 15,
20, 25 and 30 cm above the surface of the location.
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4.3 Case 3: Experiment with a thermal manikin in an op-
erating theatre with a mixing system

The third experiment was conducted in ”AHL 2” at ”AHL-senteret” at St. Olavs Hospital
in Trondheim. The operating theatre is equipped with a mixing ventilation system, with
four ceiling-mounted diffusers. They are symmetrically positioned, one in each quadrant
of the ceiling. As for the exhaust, there are two wall-mounted exhaust outlets and one
close to the ceiling. The OT has an area of 59.7 m2 and a ceiling height of 2.90 m. It is
connected to an adjacent corridor through a door, and the door remained closed during the
recordings. As opposed to the operating theatre in case 2, was the operating table of ”AHL
2” mounted rigidly.

The ventilation system is set at full speed during surgery, and the temperature of the
theatre is regulated by the temperature of the extract air.

4.3.1 Scenarios and setup
The same four scenarios were considered for Case 2 and 3 and the scenario objectives were
the same, thus will the scenario descriptions in this section be brief. Table 4.4 provides an
overview of scenarios.

Table 4.4: Scenarios in OT with mixing system

Scenario Description
1 Empty operating table
2 Only patient
3 Patient and surgical staff
4 Patient, surgical staff and surgical light

Prior to the experiment was the OT prepared as for a real surgical procedure. The set-
point temperature of the theatre was 22.0◦C in all of the scenarios, the ventilation system
to full speed, and the height of the operating table set to 90 cm above floor level. The
patient was represented by the previously described manikin.

As the objective of this case was to control the OT ventilation system and to investigate
the airflow distribution above the patient, the patient featured in scenario 2, 3 and 4, while
a new element was introduced in each of the scenarios.
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4.3 Case 3: Experiment with a thermal manikin in an operating theatre with a mixing
system

Scenario 1: Empty operating table

Measurements above an empty operating table were conducted in order to control the state
of the ventilation system. As can be seen in Figure 4.10 were there some equipment and
installations in the background. The equipment was either turned off or not possible to
move.

Figure 4.10: Setup scenario 1

Scenario 2: Only patient

Scenario 2 includes a patient in supine position. The manikin is positioned so that the
heels are 14 cm from the short end of the operating table. Figure 4.11 provides a picture
of the setup.

Figure 4.11: Setup scenario 2

Scenario 3: Patient and surgical staff

Scenario 3 includes the patient and surgical staff, and a picture of the setup can be seen
in Figure 4.12. The staff was represented by three cylinders of 140 cm height and 40 cm
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diameter, and they each had their own light-bulb of 100 W. They were positioned the same
way as in Scenario 3 in case 2, with one cylinder at the foot of the table and one cylinder
at each of the long sides.

Figure 4.12: Setup scenario 3

Scenario 4: Patient, surgical staff and surgical lights

Scenario 4 includes the patient, the surgical staff, and surgical lights, and the setup is
shown in Figure 4.13. The two lamp models are marLED V10 and marLED V16, both
produced by KLS Martin Group. Both have a rectangular shape, and marLED V10 has
concave long sides while marLED V16 has convex long sides. marLED V10 has a light
head dimension of approximately 64x46 cm and marLED V16 a dimension of 87x64 cm
(KLS Martin Group, 2008). They both use LED, and the color temperature was set to 4300
K for both lamps during the experiment. They are positioned directly above each end of
the operating table, focusing their light towards the lower abdomen of the patient. The
largest lamp is positioned above the head of the patient, while the smaller one is above the
foot end. Both their centers are 210 cm above floor level.

Figure 4.13: Setup scenario 4
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4.4 Instrumentation

4.3.2 Measurement points

The measurements were performed at three cross-sections above the supine body. The
cross sections were located above the pelvis, the waist, and the chest, and are shown in
Figure 4.14. At each cross-section were measurements performed at six heights; 5, 10, 15,
20, 25 and 30 cm above the skin of the location.

Figure 4.14: Measurement points case 3

4.4 Instrumentation

4.4.1 AirDistSyst 5000

The airflow distribution measurements were in all three cases performed by using the sys-
tem AirDistSyst 5000 delivered by Sensor Electronic. The system was calibrated in ad-
vance, in order to ensure reliable and accurate data. The system consists of five omnidirec-
tional thermoanemometers of the type SensoAnemo5100LSF, a power supply, a wireless
transmitter SensoBee485, a computer connected receiver SensoBee USB, and a pressure
sensor SensoBar 5301. The pressure sensor is connected to the anemometers in order to
correct the recordings according to the barometric pressure. Further on are the anemome-
ters connected in series, and one of them is connected to the transmitter. The transmitter
sends the recordings to the receiver, which is connected to the computer through a USB
connection. A software from Sensor Electronic has to be used in order to read and log the
data. The pressure sensor, the anemometers and the transmitter are all connected by RJ 45
cables. Table 4.5 provides information about the range and accuracy of the anemometers,
while Table 4.6 provides data about the pressure sensor.
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Table 4.5: Range and accuracy of SensoAnemo5100LSF

Range Accuracy
Air speed [m/s] 0.05 to 5.00 ±0.02 ±1.5 %
Temperature [◦C] -10 to 50 ±0.2

Table 4.6: Range and accuracy of SensoBar5301

Range Accuracy
Pressure [hPa] 500 to 1500 ±3

In the software from Sensor Electronic was the recording time for each measurement
row set to three minutes, with values being recorded every two seconds. The software
records temperature, air velocity, turbulence intensity and standard deviation for each
probe, and based on this were average values calculated for each measurement. It should
be noted that the probes measure the magnitude of the velocity vector.

4.4.2 Bosch PTD 1
The thermo detector from Bosch PTD 1 was regularly used to check the surface and am-
bient temperatures in all of the experiments. Information about the range and accuracy of
the detector within the relevant ranges can be found in Table 4.7.

Table 4.7: Range and accuracy of Bosch PTD 1

Range [◦C] Accuracy [◦C]
Surface temperatures +10 to +30 ±1
Ambient temperatures -10 to +40 ±1

4.4.3 TSI 962
The handheld thermoanemometer TSI 962 was used to measure the background velocity
in Case 1, and information about the range and accuracy can be found in Table 4.8.

Table 4.8: Range and accuracy of TSI 962

Range [m/s] Accuracy
Air speed 0 to 50 ±3 % or ±0.015 m/s, whichever is greater
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Chapter 5
Results

The chapter will present the results obtained from the experiments described in Chapter
4. It is divided into three main sections, one for each case described in Chapter 4. The
sections for Case 2 and 3 are further divided into three main parts where velocity, tem-
perature, and turbulence intensity plots are presented, respectively. The contours will be
presented for one cross-section at a time, in order to show how the airflow distribution for
each cross-section is affected from scenario to scenario. The results will be presented in
the same order as the cases were presented in Chapter 4.

It should be noted that all of the recorded data was filtered for values below 0.05 m/s
before they were processed further. All of the contours in this chapter were made using
the contourf function in MATLAB. It is also important to underline that the anemometers
measured the magnitude of the velocity, which means that they actually measured the
speed. However, the values will be presented as velocities since that is common jargon
within the field.

5.1 Case 1: Study of the thermal plume above a thermal
manikin and real human beings

This section will present the results from experiment performed in the climate chamber at
Gløshaugen. The results are based on the experimental setup explained in Chapter 4.1.

5.1.1 Measured centerline velocities
The results will be presented as velocity plots with one plot for each of the three heights
and in ascending order in terms of height. Based on the measured velocities were the mean
value for each human subject calculated, and these values were further used to calculate
the mean value and standard deviation for the entire sample. The mean and standard
deviation for the centerline velocity were then plotted for each cross section and height,

35



Chapter 5. Results

where the mean values are indicated with blue circles and the standard deviations as blue,
vertical lines. As one of the objectives of this case was to calibrate the plume of the
thermal manikin against a human thermal plume, were different setpoint temperatures for
the thermal manikin tested. In the end were the temperatures in Table 5.1 used.

Table 5.1: Set point temperatures for the thermal manikin

Circuit Tset [◦C]
Head and upper body 40.0
Arms 34.0
Legs 34.0

The temperatures in Table 5.1 led to the skin surface temperatures in Table 5.2, which
were measured using the thermo detector Bosch PTD 1.

Table 5.2: Measured skin surface temperatures of the thermal manikin

Area Tskin,tm [◦C]
Forehead 31.8
Chest 37.0
Waist 36.7
Pelvis 32.0
Knees (average of both) 31.2

Only the centerline velocities will be presented, as the other sensors did not consis-
tently record velocities within the range of the instruments. During the filtration it was ob-
served that none of the recorded centerline velocities 5 cm above the knees of the thermal
manikin exceeded or were equal to 0.05 m/s, and as a consequence will not the center-
line velocities above the knees be included in this section. Plots including the centerline
velocities above the knees for 15 and 25 cm has been put in the appendices.

The sensors used for this experiment were omnidirectional, but the direction of the
airflow ca be assumed to be upwards as the dominant air movement in the room is caused
by the thermal plume of the test subjects.
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5.1 Case 1: Study of the thermal plume above a thermal manikin and real human beings

5 cm above the surfaces

The measured centerline velocities 5 cm above the surface of the forehead, chest, waist
and pelvis are presented in Figure 5.1. The plot demonstrates a rather flat profile where
the mean values are quite similar, ranging from about 0.079 to 0.090 m/s. The highest
mean is recorded above the forehead and the lowest above the pelvis. The mean above the
forehead also shows the largest standard deviation. It can also be observed that the mean
value steadily decreases from the forehead to the pelvis.

As can be seen in Figure 5.1 are all of the values from the measurements above the
thermal manikin within the range of the mean values plus minus standard deviations. The
recorded values above the chest, waist and pelvis are all very close to the mean, while the
velocity above the forehead is close to the upper limit.

Figure 5.1: Measured centerline velocities 5 cm above surface
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15 cm above the surfaces

The measured velocities 15 cm above the surface of the forehead, chest, waist and pelvis
are presented in Figure 5.2. The mean velocity above the forehead is 0.11 m/s with a stan-
dard deviation of about 0.01 m/s, which is the lowest mean and lowest standard deviation,
respectively. Above the chest is the mean centerline velocity 0.13 m/s, and thus the high-
est mean value in Figure 5.2. The standard deviation above the chest is the largest in the
figure. As for the mean value and standard deviation above the waist and pelvis do the plot
demonstrate similar values for the two, both with a mean value of 0.11 m/s.

The centerline velocity above the forehead of the manikin is almost equal to the mean
value for the human subjects, and the velocity above the waist of the manikin is within the
lower limit. The measured velocity above the chest and pelvis are both below the mean
value minus the standard deviation, with the former being only slightly lower than the
limit. However, the measured value above the pelvis of the manikin is almost 0.02 m/s
lower than the lower limit.

Figure 5.2: Measured centerline velocities 15 cm above surface
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5.1 Case 1: Study of the thermal plume above a thermal manikin and real human beings

25 cm above the surfaces

The plot for the measured values 25 cm above the surfaces is presented in Figure 5.3. The
plot shows that the highest mean values are those above the chest and the waist, both being
0.135 m/s. The mean value above the pelvis is slightly lower at 0.12 m/s. The mean value
above the forehead, 0.085 m/s, is significantly lower than the three other mean values and
also possesses the largest standard deviation of all.

The measured values above the forehead and pelvis of the manikin are both close to
matching the corresponding mean values for the human subjects, while the value above
the manikin’s chest is just below the lower limit. At 0.105 m/s is the measured velocity
above the manikin’s waist 0.015 m/s lower than the lower limit from the human subjects.

Figure 5.3: Measured centerline velocities 25 cm above surface

5.1.2 Set point temperatures for Case 2 and 3
Based on the results from Case 1 was it decided to use the setpoint temperatures in Table
5.1 for Case 2 and 3 as well, as they led to centerline velocities that were comparable to the
measured velocities above the human subjects. Some of the values from the measurements
above the manikin were outside the range based on the results from the human subjects,
but none of these deviations exceeded 0.02 m/s which was the accuracy of the instruments.
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5.2 Case 2: Experiment with a thermal manikin in an op-
erating theatre with LAF

This section will present the results from the experiment performed in an operating theatre
with a laminar system. The results are based on the experimental setup explained in Chap-
ter 4.2.1. The order of the cross-sections: forehead, chest, waist, and pelvis. Each of the
contours presented in this chapter is based on recordings from 30 different measurement
points, where each point is the average value over a period of three minutes. The markings
(a) - (d) below the plots correspond to scenario 1 - 4, meaning that (a) is Scenario 1, (b) is
Scenario 2, and so on.

The results from the measurements above the knees have been put in the appendices,
due to the lack of valid measurement data in Case 1.

5.2.1 Velocity contours

An important part of characterizing the airflow distribution close to the patient is to inves-
tigate the air velocity, and this sub-chapter will present the results concerning velocity.

Velocity distribution above forehead

Figure 5.4 presents the velocity contours above the forehead of the patient and it demon-
strates that the profiles vary from scenario to scenario. Figure 5.4a is the reference, as it
shows the velocity above an empty operating table. The figure indicates that the velocity
is not uniformly distributed, as the recorded values range from 0.18 to 0.28 m/s. Also, the
velocity field appears to be stratified with the highest values at the top of the contour and
the lowest in the bottom. Figure 5.4b displays a large area of lower velocities close to the
bottom. The velocity range from 0.18 to 0.30 m/s.

The contour for Scenario 3, Figure 5.4c, displays a velocity range of 0.16-0.28 m/s
with the lowest values being located closest to the patient. Figure 5.4d displays the velocity
contour with the inclusion of surgical lights. The plot indicates a top of higher values in
the left part and a valley of lower values running along the line of a table width equal to
36 cm. The recorded velocities in Figure 5.4d range from 0.16 to 0.25 m/s.
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(a) (b)

(c) (d)

Figure 5.4: Case 2: Velocity contours above forehead
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Velocity distribution above chest

Figure 5.5 presents the velocity contours above the chest of the patient. Figure 5.5a acts as
the reference case and it shows that the velocity field is not uniform, with values ranging
from 0.15 to 0.26 m/s. In Scenario 2 Figure 5.5b demonstrates a large area of recorded
velocities below 0.18 m/s. The values lie between 0.12 and 0.24 m/s.

Figure 5.5c shows that the airflow pattern with surgical staff included is characterized
by lower values close to the patient, while the values range from 0.14 to 0.24 m/s. Figure
5.5d shows a profile with lower values close to the patient, and the value range is 0.16-0.26
m/s.

(a) (b)

(c) (d)

Figure 5.5: Case 2: Velocity contours above the chest
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Velocity distribution above waist

Figure 5.6 presents the velocity contours above the waist for Case 2. The reference in Fig-
ure 5.6a shows a tendency of vertical layering of the velocity, with lower values occurring
to the right and higher values to the left. The minimum is 0.18 m/s, while the maximum
is 0.32 m/s. The contour for Scenario 2 is displayed in Figure 5.6b. The pattern in the fig-
ure has a concentric appearance where the center is located approximately at 5 cm height
above the waist and 26 cm table width. The lowest velocity of 0.08 m/s is located in this
center, while the highest value of 0.28 m/s is located in the top left corner.

Figure 5.6c displays higher values in the top left corner and lower values close to the
patient, and the values range from 0.10 to 0.30 m/s. Figure 5.6d shows a profile charac-
terized by lower values closest to the patient and higher values in the left part of the plot.
The range is from 0.12 to 0.32 m/s.

(a) (b)

(c) (d)

Figure 5.6: Case 2: Velocity contours above the waist
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Velocity distribution above pelvis

Figure 5.7 presents the velocity contours above the pelvis for Case 2. Figure 5.7a shows
a tendency of vertical layering of the velocity, with increasing values from right towards
left. The highest value is 0.28 m/s, while the lowest is 0.18 m/s. The contour in Figure
5.7b shows a profile with a concentric look, semicircular layers and very low velocities at
the bottom center of the plot. The velocities range from 0.06 to 0.20 m/s.

The airflow pattern in Figure 5.7c is dominated by higher values to the left and lower
to the right, with the lowest located close to the patient. The values range from 0.08 to
0.24 m/s. Figure 5.7d displays a pattern where lower velocities are found to the right and
higher to the left. The lowest and highest values are 0.10 and 0.30 m/s, respectively.

(a) (b)

(c) (d)

Figure 5.7: Case 2: Velocity contours above the pelvis
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5.2.2 Temperature contours
This subchapter presents the temperature contours based on the measurements conducted
in Case 2.

Temperature distribution above forehead

Figure 5.8 presents the temperature contours above the forehead. Figure 5.8a, Figure 5.8c
and Figure 5.8d demonstrates very similar characteristics with the highest values located
closest to the patient. Their temperature ranges are 21.75-22.00, 21.80-22.05 and 22.00-
22.25◦C, respectively. Figure 5.8b clearly shows stratification, and the values range from
19.60 to 21.00◦C. The higher values are located near the patient. Note that the range of the
colour bar in Figure 5.8b is from 19 to 23◦C, while the three other colour bars in Figure
5.8 range from 21 to 23◦C.

(a) (b)

(c) (d)

Figure 5.8: Case 2: Temperature contours above the forehead
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Temperature distribution above chest

The temperature contours above the chest are presented in Figure 5.9. Figure 5.9a, Figure
5.9b, Figure 5.9c and Figure 5.9d paint a picture of almost homogeneous temperature fields
with ranges of 21.60-21.85, 21.15-21.40, 21.95-22.20 and 21.85-22.25◦C, respectively.
The highest values in Figure 5.9a are found in the top left corner, while the highest values
in Figure 5.9b, Figure 5.9c and Figure 5.9d are encountered close to the patient. A spot of
higher temperatures occur in the top centre of Figure 5.9d.

(a) (b)

(c) (d)

Figure 5.9: Case 2: Temperature contours above the chest
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Temperature distribution above waist

The temperature contours in Figure 5.10 are those above the waist. Figure 5.10a shows a
uniform temperature in the contour, with a range of only 21.52-21.62◦C. Figure 5.10b and
Figure 5.10c shows similar characteristics, with the higher temperatures being located in
the bottom center of the contours. The range of values in Figure 5.10b and Figure 5.10c
are 21.85-22.25 and 21.95-22.40◦C, respectively.

Figure 5.10d demonstrates a profile where the maximum value of 22.5◦C is found at
a spot located 25 cm above the patient, and where the temperature drops in the horizontal
direction from the spot. The values range from 21.90 to 22.50◦C.

(a) (b)

(c) (d)

Figure 5.10: Case 2: Temperature contours above the waist
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Temperature distribution above pelvis

The contours above the pelvis are shown in Figure 5.11. The contour in Figure 5.11a
shows that the temperature field above the empty operating table is homogeneous, with
the temperatures varying from 21.50 to 21.65◦C.

In Figure 5.11b, Figure 5.11c and Figure 5.11d the highest temperatures are located at
the bottom centre of the contours, and their temperatures lie between 21.95-22.40, 21.85-
22.35 and 22.00-23.60◦C, respectively. Note that the range of the color bar in Figure 5.11d
differs from the others in Figure 5.11, as it spans from 21 to 24◦C.

(a) (b)

(c) (d)

Figure 5.11: Case 2: Temperature contours above the pelvis
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5.2.3 Turbulence intensity contours
This subchapter will present the turbulence intensity contours for each cross section and
scenario in Case 2.

Turbulence intensity distribution above forehead

Figure 5.12 contains the turbulence intensity contours above the forehead. Figure 5.12a,
Figure 5.12b and Figure 5.12c all contain large areas displaying values of around 3 %. The
upper part of Figure 5.12d shows higher values than the bottom part, and the values range
from 6 to 16 %.

(a) (b)

(c) (d)

Figure 5.12: Case 2: Turbulence intensity contours above the forehead
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Turbulence intensity distribution above chest

The contours above the chest are displayed in Figure 5.14. Figure 5.13a and Figure 5.13b
both display values varying around 3 %, with the highest values appearing at the bottom
of both figures.

There appears to be a diagonal division of the contour in Figure 5.13c, with lower
values in the top right corner and higher values in the bottom left corner. The values range
from 3 to 9 %. Figure 5.13d shows a profile where higher values stretch from the middle
of the top towards the bottom left. There is a tendency of higher values to the left, and the
highest value is located in the bottom left corner. The values range from 4 to 9 %.

(a) (b)

(c) (d)

Figure 5.13: Case 2: Turbulence intensity contours above the chest
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Turbulence intensity distribution above waist

The contours above the waist are displayed in Figure 5.14. Figure 5.14a shows the contour
above an empty operating table. The values range from 3 to 12 %, and the highest values
are encountered in the bottom left corner. Figure 5.14b, Figure 5.14c and Figure 5.14d
all display higher values in the left part of the contour, with the highest values occurring
closest to the patient. All three contours also have their minimum value in the top right
corner. The ranges of Figure 5.14b, Figure 5.14c and Figure 5.14d are 5-35, 5-25 and 4-18
%, respectively.

(a) (b)

(c) (d)

Figure 5.14: Case 2: Turbulence intensity contours above the waist
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Turbulence intensity distribution above pelvis

The contours above the pelvis are displayed in Figure 5.15. Figure 5.15a serves as the
reference and the contour displays values ranging from 3 to 11 %, with the highest values
located to the left and the lowest to the right. Figure 5.15b demonstrates very high values
in the bottom center, and values throughout the contour vary between 10 and 80 %. The
top right corner features the lowest values. Note that the values of the color bar in Figure
5.15b range from 0 to 80 %.

Figure 5.15c shows higher values in the left part close to the patient. Values throughout
the figure are lying in the interval of 5 to 35 %. Also, Figure 5.15c features lower values
in the top right corner. The levels of turbulence in Figure 5.15d range from 5 to 25 %. The
highest values appear near the top right corner.

(a) (b)

(c) (d)

Figure 5.15: Case 2: Turbulence intensity contours above the pelvis
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5.3 Case 3: Experiment with a thermal manikin in an op-
erating theatre with a mixing system

This section will present the results of the experiment performed in an operating theatre
with a mixing system. The results are based on the experimental setup explained in Chap-
ter 4.3 and will be presented in a similar way as in Chapter 5.2. Each of the contours
presented in this chapter is based on recordings from 30 different measurement points,
where each point is the average value over a period of three minutes. The order of the
cross-sections: chest, waist, pelvis. The markings (a) - (d) below the plots correspond to
Scenario 1 - 4.

5.3.1 Velocity contours
The following part presents the velocity contours from the measurements in an operating
theatre with a mixing system.

Velocity distribution above chest

Figure 5.16 displays the velocity contours above the chest. All of the contours in Figure
5.16 show a tendency of lower values in the top right quadrant than in the top left quadrant.
Also, the maximum values in all the plots occur in the top left corner. The pattern in Figure
5.16a shows higher values in the top left corner and the values in the plot range from 0.16
to 0.23 m/s. Figure 5.16b shows a profile where the bottom half displays the low values,
with the lowest occurring closest to the patient. The values vary between 0.16 and 0.22
m/s.

The pattern demonstrated in Figure 5.16c is characterized by lower values appearing
from 5-15 cm above the patient, with the values in the contour ranging from 0.16 to 0.25
m/s. The profile in Figure 5.16d has an S-shaped appearance, with lower values in the
right part than in the left. The values span from 0.17 to 0.23 m/s.
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(a) (b)

(c) (d)

Figure 5.16: Case 3: Velocity contours above the chest
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Velocity distribution above waist

The velocity contours above the waist are presented in Figure 5.17. All the contours in
Figure 5.17 show high values near the top and low values close to the bottom. In Figure
5.17a, Figure 5.17c and Figure 5.17d do the lowest values appear in the bottom right
corner. Also, they show a tendency of higher values in the left part of the contour. The
values in Figure 5.17a span from 0.15 to 0.23 m/s. The lower values in Figure 5.17b appear
below a height of 15 cm. However, there is an area with a velocity of 0.17 m/s near the top
right corner. The values in the plot range from 0.14 to 0.20 m/s.

The pattern in Figure 5.17c is dominated by a large area with a velocity of 0.16 m/s,
located in the bottom half. The velocity interval is 0.16-0.26 m/s. There is a peak of 0.20
m/s in the center of Figure 5.17d. The values in this plot span from 0.15 to 0.21 m/s.

(a) (b)

(c) (d)

Figure 5.17: Case 3: Velocity contours above the waist
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Velocity distribution above pelvis

Figure 5.18 shows the velocity contours above the pelvis. All of the contours in Figure
5.18 demonstrate a tendency of lower values in the bottom half. Figure 5.18a, Figure 5.18c
and Figure 5.18d all display lower values in the right part than in the left. The values in
Figure 5.18a range from 0.14 to 0.19 m/s.

In Figure 5.18b, Figure 5.18c and Figure 5.18d do the minimum values appear closest
to the patient. The ranges of Figure 5.18b, Figure 5.18c and Figure 5.18d are 0.145-0.18,
0.11-0.19 and 0.13-0.21 m/s, respectively. The pattern in Figure 5.18d is dominated by a
large area of 0.19 m/s stretching from the top right corner towards the bottom left corner.

(a) (b)

(c) (d)

Figure 5.18: Case 3: Velocity contours above the pelvis

56



5.3 Case 3: Experiment with a thermal manikin in an operating theatre with a mixing
system

5.3.2 Temperature contours
The following part presents the temperature contours from the measurements in an oper-
ating theatre with a mixing system.

Temperature distribution above chest

Figure 5.19 displays the contours above the chest. The highest values in both Figure 5.19a
and Figure 5.19b occur at the bottom center of the contours. Their values range from
21.86 to 22.04 and from 22.0 to 22.60◦C, respectively. The profile in Figure 5.19b is
characterized by stratification in the bottom half and homogeneous temperatures in the top
half. Figure 5.19c shows a pattern with axis symmetry around the line of a table width
equal to 26 cm. The highest values occur both in the top and bottom center of the contour.
The values span from 22.05 to 22.20◦C. The profile in Figure 5.19d is dominated by higher
values occurring in the top half of the contour, with the maximum value being located in
the top center. The maximum value is 24.6◦C and the minimum 22.6◦C. Note that the
range of the color bar in Figure 5.19d deviates from the other contours in Figure 5.19,
with a minimum and maximum value of 22 and 25◦C, respectively.

(a) (b)

(c) (d)

Figure 5.19: Case 3: Temperature contours above chest
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Temperature distribution above waist

The temperature contours above the waist are presented in Figure 5.20. All of the contours
in Figure 5.20 demonstrate a pattern of higher temperatures occurring below a height of 15
cm, and also a tendency of larger temperature variations in the bottom half. Both Figure
5.20a and Figure 5.20b display higher temperatures to the left than to the right, and also
a tendency of symmetry about the line of a table width equal to 26 cm. Their ranges are
21.85-22.15 and 22.00-22.50◦C, respectively.

The highest values in Figure 5.20c are found near the bottom right corner, and tem-
peratures are in general higher in the right than in the left bottom quadrant. The values lie
between 22.30 and 23.30◦C. The profile in Figure 5.20d has a symmetrical appearance.
The highest value is 25.50 and the lowest 23.00◦C. Note that the range of the color bar in
Figure 5.20a and Figure 5.20b are equal, whereas both Figure 5.20c and Figure 5.20d have
individual bars.

(a) (b)

(c) (d)

Figure 5.20: Case 3: Temperature contours above the waist
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Temperature distribution above pelvis

The temperature contours above the pelvis are displayed in Figure 5.21. Figure 5.21a
shows a pattern where the higher values occur in the upper half of the contour and larger
temperature differences in the bottom half. The temperatures range from 21.60 to 22.20◦C.
Figure 5.21b, Figure 5.21c and Figure 5.21d all show a tendency of higher temperatures
and larger temperature variations below a height of 15 cm. The contours in Figure 5.21b
and 5.21c shows stratification, and the ranges are 22.10-22.55 and 22.70-23.70◦C, respec-
tively. The lowest and highest value in Figure 5.21d are 23.00 and 26.50◦C, respectively.
Note that the range of the colour bar in Figure 5.21a and Figure 5.21b are equal, whereas
both Figure 5.21c and Figure 5.21d have individual bars.

(a) (b)

(c) (d)

Figure 5.21: Case 3: Temperature contours above the pelvis
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5.3.3 Turbulence intensity contours
The following part presents the turbulence intensity contours from the experiment in an
operating theatre with a mixing system.

Turbulence intensity distribution above chest

The turbulence intensity contours above the chest are presented in Figure 5.22. The pattern
in Figure 5.22a is characterized by higher values in the upper part, with a maximum value
of 39 % located in the top centre. The lowest value is 28 %. Figure 5.22b shows a profile
with evenly distributed values. The highest value is 33 % and occurs at 20 cm above the
chest, and the minimum value is 27 %.

Both Figure 5.22c and Figure 5.22d demonstrate patterns where the higher values can
be found below a height of 15 cm. Also, their maximum values appear in the bottom centre
of the plots. The values in Figure 5.22c span from 32 to 41 %. The pattern in Figure 5.22d
is dominated by a large area of 34 %, and the values in the contour range from 30 to 44 %.

(a) (b)

(c) (d)

Figure 5.22: Case 3: Turbulence intensity contours above the chest
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Turbulence intensity distribution above waist

Figure 5.23 displays the turbulence intensity contours above the waist. All of the contours
in Figure 5.23 demonstrate a tendency of higher values being located below a height of 15
cm, as well as single peaks of high values occurring in the upper part. Figure 5.23a and
Figure 5.23c feature higher values in the left part of the contour than in the left. The values
in these two figures range from 29 to 38 and from 30 to 40 %, respectively.

The highest values of Figure 5.23a and Figure 5.23c are both located 10 cm above
the waist, in the center, while the maximum values of Figure 5.23b and Figure 5.23d are
located at a height of 5 cm. The values in Figure 5.23b lie between 27 and 37 %. Figure
5.23d displays values ranging from 26 to 36 %, with small areas of higher values.

(a) (b)

(c) (d)

Figure 5.23: Case 3: Turbulence intensity contours above the waist
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Turbulence intensity distribution above pelvis

Figure 5.24 displays the contours above the pelvis. Figure 5.24a demonstrates a pattern
where a ridge of higher values stretches horizontally across the upper half. Also, the
contour features higher values to the left than to the right. Values range from 31 to 39 %.
The plot in Figure 5.24b shows that the highest value occurs closest to the patient near the
bottom right corner, while a peak of higher values is located at the center. The values span
from 26 to 40 %.

The profile of Scenario 3, shown in Figure 5.24c, is characterized by higher values
being located below a height of 15 cm, as well as higher values to the right than to the left.
Values in the contour span from 22 to 34 %. The higher values in Figure 5.24d appear
close to the patient, with a maximum of 32 %. The lowest value, 22 %, appears both near
the top right and the bottom left corner.

(a) (b)

(c) (d)

Figure 5.24: Case 3: Turbulence intensity contours above the pelvis
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Chapter 6
Discussion

The chapter contains a discussion and comparison of the results presented in Chapter 5.
Practical limitations, suggestions for future design specifications, as well as suggestions
for future studies, will be presented.

6.1 Comparison of results
This part includes a comparison of the results in Case 2 with those of previous studies, a
comparison of the results from Case 2 and 3, as well as a comparison of the mathematical
models in Chapter 3 and the experimental results of Chapter 5.1. There is a limited number
of scientific articles investigating the airflow distribution above the patient for a mixing
and a LAF system through experimental methods, especially for mixing systems, which
complicates a comparison. Therefore will the results of Case 2 and 3 be compared to each
other in order to discuss differences potentially caused by the ventilation systems. The
comparison will only comprise the cross-sections above the chest, waist, and pelvis, as
they were investigated in both cases. Regarding the thermal plume from a human in a
supine position are there few studies, which makes also that comparison difficult.

6.1.1 Case 1
One of the objectives for Case 1 was to investigate the thermal plume above real human
beings. Measurements above five males in a supine position were conducted, and the re-
sults will be compared to mathematical models presented in Chapter 3. As only the middle
sensor consistently recorded values above 0.05 m/s is it impossible to determine or esti-
mate the plume boundary based on the measurement data, and thus will the comparisons
only focus at the centerline velocities. The mean centerline velocities above the forehead,
chest, waist, and pelvis presented in Chapter 5.1 will serve as references to which the
mathematical models are compared. These velocities are shown in Figure 6.1.
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Figure 6.1: Measured centerline velocities

Since the mean centerline velocities are used, it was decided to base calculation of the
body surface area on the average height and weight of the human subjects. The surface
temperature of the average human was assumed to be uniform over the entire body at
a value of 32.0◦C. According to Hanssen (1991, as cited in Novakovic et al. 2014) is
32.0◦C in the lower end of human skin temperature under normal conditions, and since
the insulating effect of clothing will reduce the surface temperature of the subjects was
this value chosen. The air temperature in the climate chamber was assumed to be 23.0◦C.

Table 6.1 provides an overview of calculated values based on Equation 3.1, 3.2, 3.3 and
3.4 in Chapter 3.1, subject data from Table 4.2 and the temperatures from the foregoing
paragraph.

Table 6.1: Calculated values for convective heat output

Variable Calculated value
A 1.9542 m2

Ac 1.5849 m2

∆T 9
hc 1.9776 W/m2K
Q̇k 28.2083 W
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Figure 6.2 shows the experimentally obtained data of Case 1, compared to the line
source models of Storås and Skaret. Storås’ (2017) model in Figure 6.2 is the one from
Equation 3.14, where the whole body of a thermal manikin was modeled as a line source
with an experimentally determined proportionality factor. Skaret’s (2000) model, on the
other hand, is a general equation for a line source. Figure 6.2 shows that none of the
models coincide with the recorded values. The two models each show constant veloci-
ties, where the values are significantly higher than the measured velocities. However, the
centerline velocities above the waist and pelvis show a tendency of increasing values with
height, so the models of Skaret and Storås could prove more accurate at increased heights.
The deviations could be caused by the fact that none of the models have been based on
measurements above real humans, which have complex body geometries. Storås’ model
appears to be the best match, which is reasonable given how it was developed.

Figure 6.2: Comparison of results from experiments and line source equations
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Based on the results in Figure 6.1, it was decided to try to model the torso of the human
body as a point source. An important assumption for the mathematical models was the use
of the total convective heat output of a body in the models. The reason behind this is
the difficulty associated with determining the portion of the total convective heat output
originating from the torso. Therefore, the convective heat output was set to 28.2083 W.

Another simplification was to base the diameter of the heat source on the dimensions
of the thermal manikin. This can be considered a fair assumption due to the human-like
shape and geometry of the manikin. The diameter of the torso was set to 0.30 m, which was
the average of the width measured at the chest, waist, and pelvis. By the use of Equation
3.9 was then a distance of 0.795 m to the virtual origin, z0, calculated.

Figure 6.3 demonstrate large differences between Equation 3.7 and Equation 3.15, by
Skaret and Storås respectively, and the measured velocities. One explanation for the large
deviations between the models and the experimental results is related to the calculation
of the distance to the virtual origin. As shown in Chapter 3.2.1 have different authors
suggested various equations for the calculation of z0, and z0 has a major impact on the
spread angle and thus the proportionality constant, Cb. Another important aspect is that
neither of the models in Figure 6.3 were developed from measurements above real humans.
Equation 3.7 by Skaret is a general equation for a point source, whereas Equation 3.15
by Storås is based on measurements above a thermal manikin. The simplification of the
convective heat output and diameter of the heat source are also elements that affect the
models and potentially increase the differences.

Figure 6.3: Comparison of results from experiments and point source equations

The relatively large differences between the mathematical models and the experimental
results in Figure 6.2 and Figure 6.3 indicate that the thermal plume from a person in a
supine position is complex and hard to model. There are some insecurities related to the
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experimental setup, and the plume itself, that could contribute to these differences. Since
the middle sensor was placed along the centerline of the subjects, combined with the fact
that it recorded the highest values, was it assumed to measure the centerline velocity of the
plume. However, thermal plumes are known to be elusive and sensitive to changes, and
therefore it is likely that the sensor did not record the velocity of the actual centerline at
all times.

Another consequence of the plume’s characteristics and the complex human geometry
is that it is uncertain whether the middle sensor was positioned at the location of the cen-
terline in the first place. It is also possible that the mathematical models would have been
more accurate at increased heights, as the measurements were performed very close to the
subjects. This could mean that parts of the investigated region were in the CBL around the
patient and not in the region of self-similarity of mean motion (Zukowska, Popiolek, and
Melikov, 2010).
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6.1.2 Case 2 and previous studies
Case 2 investigated the airflow distribution above the patient in an operating theatre with
a LAF system. None of the velocity contours for Scenario 1 demonstrated a pattern of
uniform velocity as each of them showed velocity variations exceeding 0.02 m/s, which
is the accuracy of the instruments. Also, the contours showed that there were significant
differences between the cross sections and the velocities ranged from 0.16 to 0.28 m/s. The
Health Technical Memorandum, HTM, published by the United Kingdom National Health
Service Estates provides guidance for ventilation of healthcare facilities and recommends a
minimum velocity of 0.2 m/s above the operating table (Department of Health UK, 2007).
A substantial part of the measured airflow velocities in Scenario 1 are lower than 0.2
m/s, and also well below the Norwegian guideline of 0.25-0.28 m/s (Aune, 2015), which
means that even above an empty operating table is the ventilation system unable to fulfill
the requirements.

The introduction of the patient has a pronounced impact on the velocity distribution.
Figure 5.4b, Figure 5.5b, Figure 5.6b and Figure 5.7b all show a pattern where the veloci-
ties in general have dropped compared to the previous scenario. It is likely that it is caused
by the upward movement of the convective airflow from the patient which counteracts the
supply airflow (Cao et al., 2017), and thus reduces the total airflow velocity. Also, the
minimum velocities of all the contours are located closest to the patient in the bottom cen-
ter. The location could be explained by the fact that the centerline velocity in a thermal
plume represents the highest velocity in the plume (Skåret, 2000).

The velocity contour above the forehead for Scenario 4, deviates from the airflow pat-
terns shown in the corresponding contours at different cross sections, as well as the one
for Scenario 3. The contour displays the lowest values near the top, a vertical line of lower
values in the right part, and a peak of higher velocities in the left part. The turbulence
intensity contour for Scenario 4, Figure 5.12d, shows elevated levels of turbulence com-
pared to the previous scenarios with the highest values appearing in the top half of the
contour. Surgical lamps interfere with and block the supply airflow, and thus wakes form
downstream of the lamps. Since one of the surgical lamps was positioned directly above
the forehead of the patient, could this explain the pattern in Figure 5.4d and Figure 5.12d.
In the wakes eddies form (Brohus, Balling, and Jeppesen, 2006) and areas of calmer air
may also be encountered (Sadrizadeh, Holmberg, and Tammelin, 2014). The influence
of the lamp would be in accordance with the findings of Chow and Yang (2005), Brohus,
Balling and Jeppesen (2006), Sadrizadeh, Holmberg and Tammelin (2014) and Aganovic
et al. (2017), which all point to the presence and positioning of surgical lamps as one of
the most influencing factors on the airflow distribution close to the patient.
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6.1.3 Case 2 and 3

Case 2 and 3 investigated the airflow distribution in close proximity to the patient in an
operating theatre with a LAF and a mixing system, respectively. It is evident when compar-
ing the velocity contours for the two cases that the airflow distributions above the patient
display different characteristics. The contours for the LAF system show a wide range of
values in each velocity contour, with each contour demonstrating velocity differences of
0.10 m/s or more. In contrast to this do the velocity contours for Case 3 display smaller
differences and the only contour with a difference of 0.10 m/s or more is found in Figure
5.17c, where the difference is 0.12 m/s. In addition, more extreme values occur in the
contours of Case 2, where the minimum and maximum velocities are 0.06 and 0.32 m/s,
respectively. The corresponding numbers for Case 3 are 0.11 and 0.26 m/s. There is also a
difference in terms of airflow patterns shown in the velocity contours. The patterns clearly
change from Scenario 2 through to Scenario 4 for each cross section in Case 3, whereas
most contours in Case 2 maintain their shape over the same interval. The difference could
be attributed to the design and objective of the two ventilation systems as a mixing system
constantly stirs the air in the entire room, while the LAF system provides a constant and
unidirectional airflow.

A common feature for both cases is that the velocity contours are drastically changed
from Scenario 1 to Scenario 2 for each cross-section, indicating the influence of the ther-
mal plume of the patient. However, the thermal plume of the patient appears to have a
greater impact on the velocity in a LAF system than in a mixing system, as can be seen by
comparing the difference between Scenario 1 and Scenario 2 for both cases. In principle,
this could be explained by the fact that the supply airflow in a LAF system and the thermal
plume arising from the patient cause air movement in opposite directions, thus lowering
the total velocity. The airflow direction in Case 3 however, is impossible to determine due
to the use of omnidirectional anemometers.

All of the velocity contours for Case 3 indicate that the changes from scenario to sce-
nario, in terms of both values and pattern, principally occur below the height of 15 cm
above the surface. This area also demonstrates large velocity differences, and the lowest
velocities are always located here. The tendency of larger variations and of changes oc-
curring below 15 cm, can also be spotted in the majority of the corresponding temperature
and turbulence intensity contours for Case 3. However, exceptions from this tendency can
be found in Figure 5.19c, Figure 5.19d and Figure 5.23b. The velocity contours for Case
2 show the same tendency as the corresponding contours in Case 3.

The surgical lamps impact the velocity contours for each cross-section in both Case 2
and 3. Compared to the corresponding contours for Scenario 3, all contours for Scenario
4 demonstrate increased velocities in general. For the velocity contours of Case 3, the
airflow patterns also change significantly from Scenario 3 to 4. This impact could be
caused by the light from the lamps since the lamps were positioned above the head and
foot end of the operating table with the light focused on the pelvis area. As none of the
lamps were upstream of the chest, waist or pelvis in Case 2, in which the direction of
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the supply airflow is known, it seems more likely that the impact of the lamps could be
related to the light rather than the lamps. In terms of turbulence intensity, the surgical
lamps appear to have a calming effect on some of the cross-sections. The contours above
the pelvis and waist for both cases, Figure 5.14d and Figure 5.23d, and Figure 5.15d and
Figure 5.24d, demonstrate lower levels of turbulence compared to the preceding scenario.
However, this effect can not be spotted in the contours above the chest in Figure 5.13d
and 5.22d. The reason could be that the angle and height of the lamp above the head end
caused light to pass only through the cross-sections above the waist and pelvis.

In terms of turbulence intensity, it can be seen from the results of Case 2 and 3 that the
general level of turbulence is higher in Case 3 than in Case 2. The values in Case 3 span
from 22 to 44 %, while the values in Case 2 range from 2.8 to 80 %. It should be noted
that values above 35 % in Case 2 only appear in a small area above the pelvis in Figure
5.15b. As for turbulence intensity contours for Case 2, all demonstrate values way higher
than the limit of 12.5 % which Karthikeyan and Samuel (2008) referred to as a high level
of turbulence in an operating theatre. The difference between the two cases is most likely
connected to the ventilation principles. A mixing system supplies air at high velocities
and levels of turbulence, while a LAF system aims to provide an airflow with low levels of
turbulence. The contours of Case 2 indicate that the airflow distribution is more likely to
experience large changes of turbulence intensity with a LAF than with a mixing system.

The temperature contours in Case 3 do in general show higher temperatures than their
counterparts in Case 2, even though the setpoint temperature was 22.0◦C in both operating
theatres. In Case 2, the temperatures in every contour are, except Figure 5.11d, around
22.0◦C with no values equal to or above 23.0◦C. On the other hand, a part of the temper-
ature contours for Case 3 display values above 23.0◦C. Especially in Scenario 3 and 4,
the contours above the waist and pelvis for Case 3 show substantially higher values than
the corresponding contours for Case 2, as can be seen comparing the mentioned contours
in Figure 5.10 to Figure 5.20 and Figure 5.11 to Figure 5.21. This could indicate that
a mixing system is less efficient than a LAF system when it comes to keeping the tem-
perature of the air in close proximity to the patient, near the setpoint temperature in the
room. The increased temperatures close to the patient could actually enhance the healing
process, as they promote vasodilatation (Harper, Young and McNaught, 2014). On the
other hand, some of the measured temperatures are outside the temperature range of 18-24
◦C recommended by C.b.z (2004, cited in Nastase et al., 2016) and D.D.G.f (2002, cited
in Nastase et al., 2016). The elevated temperatures for Scenario 3 and 4 in Case 3 could
be related to the fact that the cylinders representing the surgical staff did not only supply
additional heat, but also acted as hinders for the airflow and reduced the cooling capacity
of the airflow.

Some of the temperature contours for Scenario 4, Figure 5.9d, Figure 5.10d and Figure
5.20d, display higher values near the top, which is most likely caused by light from the
lamps hitting the sensors and thus elevating the temperature. The highest recorded temper-
atures for Case 2 and 3 were 23.6 and 26.0 ◦C, respectively. Both occurred closest to the
patient in Scenario 4, as can be seen in Figure 5.11d and Figure 5.21d. The area around
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the pelvis was illuminated by the lights, which most likely caused the cloth to absorb a
part of the thermal radiation from the lamps and increase the local temperature.

6.2 Suggestions and guidance to design the airflow distri-
bution in operating theatres

One of the task in the assignment text of this thesis was to provide suggestions and guid-
ance to design the airflow distribution in operating theatres, and based on the experimental
results from Case 2 and 3 will some suggestions be presented.

In a study by Lewis et al. (1969), the content of microorganisms in the human mi-
croenvironment was found to clearly exceed the levels found in ambient air. According to
Memarzadeh and Manning (2002), the dominant way of bacteria transport during surgery
is by the release of skin cells from uncovered parts of the team performing the surgery.
The authors also claim that these cells are so small that they are transported not only by
convection in an operating room, but also by diffusion caused by the turbulence (ibid.).
Both these studies therefore indicate that the ventilation system should provide an airflow
of clean, fresh air capable of swiftly removing airborne particles and bacteria.

The results from Case 2 indicated that the ventilation system of ”Operasjonsstue 8”
was unable to deliver an airflow that kept the air velocity close to the patient, above or
equal to 0.20 m/s, as recommended in the HTM (Department of Health UK, 2007). They
also demonstrated elevated levels of turbulence intensity in Scenario 2 to 4. Both the air
velocity and turbulence intensity affect the convective heat loss of the wound (Murakami,
Kato and Zeng, 1997). The results from Case 3 could indicate that the velocity and turbu-
lence intensity distributions with a mixing system is less affected by thermal plumes than
with a LAF system. The temperature contours for Case 3 on the other hand, demonstrated
increased values, especially in Scenario 4.

Based on observations and analysis of the results from Case 2 and 3, it could be wise
to take the influence of the patient, the surgical staff and surgical lamps into consideration
during the design phase of the ventilation system. The same would be smart for the design
of mixing systems. It is important to underline that their impacts both as heat sources and
physical obstacles should be evaluated.

6.3 Practical limitations
The main objective of this thesis was to characterize the airflow distribution in close prox-
imity to a patient in supine position in operating theatres with different ventilation systems,
and it is important to underline that this thesis solely focused on the airflow distribution.
Bacteria dispersion and measurements of bacteria were not a part of the objective, and
consequently the results from cannot be used to establish a relation between SSIs and the
measured airflow distributions. However, the experimental results from Case 2 and 3 can
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contribute to a better understanding of the interaction between the ventilation system and
the patient, surgical staff and surgical lamps, and how the airflow distribution close to the
patient is affected.

Due to the use of omnidirectional anemometers do the results not show the direction of
the airflows. For Case 2, the direction can be assumed as the direction of the supply airflow
and the airflow inside the thermal plumes are opposite. The directions of the measured
airflows in Case 3 on the other hand, are not obtainable from the measurement results.
The fact that the anemometers have a lower range limit of 0.05 m/s, caused limitations for
Case 1.

The thermal manikin and its heating system caused some limitations, as significant
surface temperature differences were observed within small areas. This means that the
reliability of the results was affected. The clothing of the thermal manikin also causes
some limitations for the results in Case 2 and 3, as a patient during surgery is likely to
expose areas of skin and tissue to the ambient air. A second limitation of the thermal
manikin is the lack of breathing mechanisms, as airflows originating from breathing could
affect the results. Besides the different ventilation systems, the two operating theatres in
Case 2 and 3 were not identical, hence posing some limitations on the comparison of the
airflow distributions caused by the two systems.

A major limitation in this thesis is the lack of information from previous studies. Many
of the studies regarding ventilation of operating rooms were simulations based on compu-
tational fluid dynamics (CFD), and not experimental measurements. Most of them focused
on LAF and studies on mixing systems in ORs were hard to find, making a complete com-
parison challenging. Studies on the thermal plume from a person in supine position were
also hard to come by, as articles regarding the human thermal plume mainly focused on
the plume from a sedentary or standing person. The surgical staff were simulated as metal
cylinders and this imposes limitations on the assessment of the influence of the surgical
staff. The reason for this is that the surgical staff could affect the airflow not only by their
thermal plume, but also by their posture and activity.

6.4 Future work
The topic for this master thesis is a relatively new one and further work is needed before
reliable conclusions can be drawn. Therefore, based on observations from the experiments
and the results in this thesis, will the section provide a list of suggestions and recommen-
dations for future work.

• Conduct measurements of the thermal plumes of humans in supine position with a
larger sample of people and with numerous sensors, in order to develop a mathemat-
ical model of the thermal plume of a human in supine position.

• Use instruments with greater accuracy and with the capability of measuring veloci-
ties below 0.05 m/s. Also, instruments or techniques that can determine the direction
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of the airflow, like Particle Image Velocimetry (PIV), should be used. This is espe-
cially relevant for operating theatres with mixing systems.

• The heating system of the thermal manikin should be improved. The system should
be carefully designed in order to be able to keep the surface temperatures uniform
over each regulated section, and the system should also include more sections for
temperature control.

• Implement a breathing system for the manikin.

• Investigate and establish which levels of turbulence intensity that should be consid-
ered low, medium or high for mixing and LAF systems in operating theatres.

• Investigate and measure the airflow in an entire operating theatre equipped with
a mixing system, in order to find out whether the airflow conditions actually are
similar at all locations.

• Perform experiments in operating theatres with real humans and surgical staff in
order to obtain more realistic and reliable results.

• Run measurement data through a Kalman filter in order to get more accurate data.
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Chapter 7
Conclusion

This master thesis experimentally investigated the airflow distributions in close proximity
to a human in supine position in two operating theatres with different ventilation systems;
mixing and LAF systems. The thesis was structured into three main cases. The objective
of Case 1 was to investigate the thermal plume above real humans in supine position and
calibrate the settings of a thermal manikin according to the findings. Case 2 and 3 had sim-
ilar objectives, but for different ventilation systems, as they both aimed at characterizing
the airflow distribution in close proximity to a lying human body in an operating theatre.

Case 1 investigated the thermal plumes from humans in supine position in quiescent
surroundings. From the results it appears that the centerline velocity varies depending
on the cross sections above the body. Also, the results demonstrate individual differences
among humans and that the standard deviations may increase with increasing height above
the body. The highest mean velocity of 0.135 m/s indicates that the thermal plume of a
human in supine position could affect the airflow distribution in a room. The comparison
between the mathematical models and the measurement data indicates that a model of the
human thermal plume should be based on measurements above real humans.

The results of Case 2 and 3 suggest that the airflow distributions alter following the
addition of heat sources and physical obstacles. The measured velocities in Case 2 could
imply that the LAF system was unable to suppress the impact of the heat sources as the
measured values dropped. The velocity contours of Case 2 suggests that the laminar supply
airflow may be decelerated by the thermal plumes, thus reducing the total velocity of the
airflow and causing non-uniform conditions. Surgical lamps in Case 2 also proved to
impact the airflow distribution downstream, as the airflow pattern changed and the levels
of turbulence increased.

Results from both Case 2 and 3 suggest that the surgical lamps may increase airflow
velocities and reduce levels of turbulence intensity in cross-sections where they are not
positioned directly above the region. This impact should be investigated in future studies.
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Chapter 7. Conclusion

The results from Case 3 suggests that the levels of turbulence intensity are higher and that
the airflow velocities are less affected by heat sources and obstacles for a mixing than a
LAF system. Turbulence intensity values in Case 3 ranged from 22 to 44 %, while the
velocities were between 0.11 and 0.26 m/s. The results from Case 3 demonstrate that
the most significant changes from scenario to scenario took place within 15 cm above the
surface of the manikin.

There are many uncertainties and limitations associated with the experiments. The
most significant one is that the anemometers were unable to measure the direction of the
airflow, which complicated the analysis of the results. Yet, some of the findings in this
master thesis may prove valuable when designing ventilation systems for operating the-
atres.
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A.1 Risk assessment for the master thesis
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A.2 Assessment from NSD
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A.3 Results

A.3.1 Case 1

Figure A.1: Centerline velocities 15 cm including knees

Figure A.2: Centerline velocities 25 cm including knees
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A.3.2 Case 2
Velocity distribution above knees

Figure A.3 presents the velocity contours above the knees for case 2. Figure A.3a displays
a velocity range of 0.10-0.15 m/s, where the lowest values can be found near the bottom
left corner and the highest in the top right corner. The contour in figure A.3b is divided
diagonally with a large area of low, almost identical values in the left bottom half, while
the upper right half shows a larger variation. The minimum velocity of 0.06 m/s and can
be found at a table width of 36 cm, and the velocities range from from 0.06 to 0.16 m/s.

The contour in figure A.3c is dominated by a large area of equal velocity stretching
diagonally towards the top left corner. The area has a velocity of 0.07 m/s, which is the
minimum value in the figure, and layers around it shows increasing values with distance.
In terms of range, does the values lie between 0.07 and 0.15 m/s. Figure A.3d demonstrates
a pattern where the lowest velocity is found near the bottom right corner, and a large area
with a velocity of 0.16 m/s stretching diagonally across the plot. The range is 0.10-0.22
m/s.

(a) (b)

(c) (d)

Figure A.3: Case 2: Velocity contours above the knees
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Temperature distribution above knees

The contours above the knees are displayed in figure A.4. Figure A.4a shows the temper-
ature field above an empty operating table and the temperature variations in this plot are
very small, with temperatures ranging from 21.52 to 21.70 ◦C. All figures in A.4 shows a
tendency of higher values to the left and lower to the right.

The highest temperatures in both figure A.4b and A.4c occurs closest to the patient,
and the temperatures range from 21.90 to 22.50 and from 21.95 to 22.30 ◦C, respectively.
The pattern in figure A.4d is characterized by higher values in the top half of the contour,
with the maximum temperature being located at the top centre. The temperatures vary
between 21.90 to 22.50 ◦C.

(a) (b)

(c) (d)

Figure A.4: Case 2: Temperature contours above the knees
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Turbulence intensity distribution above knees

The turbulence intensity contours above the knees are presented in figure A.5. The results
from the measurements above an empty operating table are shown in figure A.5a. The
values range from 4 to 22 %, with the highest values occurring in the left part and the
lowest values in the right part of the contour. Figure A.5b displays highest values at the
bottom, while the left part features the highest mean value. Also, the range of the colour
bar spans from 10 to 70 %.

The pattern in figure A.5c demonstrates an area of elevated levels stretching diagonally
across the contour, from the bottom right to the top left corner. The area features three
peaks, all with a value of 35 %. The values in the plot range from 10 to 35 %. The values
in figure A.5d range from 6 to 20 %, and the contour displays a profile where the majority
of the values are closer to the lower end of the range. The highest values are found close
to the patient near the bottom right corner.

(a) (b)

(c) (d)

Figure A.5: Case 2: Turbulence intensity contours above the knees
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A.4 Risk assessment for thermal plume experiment

A.4.1 Risk Assessment report
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A.4.2 Attachement to Risk Assessment report
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A.5 Article for IndoorAir2018
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A.6 Article for Roomventilation2018
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