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Abstract 

Human beings need breathing to survive. The air emitted over the course of respiratory events 

such as breathing, sneezing and coughing is seeded with small particles known as droplets. 

These droplets can contain pathogens, which can be a source of airborne cross infections.  

People spend an increasing amount of time in indoor environments. In such spaces the 

probability of inhaling droplets emitted by other person increases. Hence, the probability of the 

occurrence of a cross infection also increases. 

From all the indoor spaces, hospital environments are perhaps the most enabling for cross 

infections. In these spaces coexist in close contact health workers, patients and familiars. The 

infection of a health worker is a major concern issue hence, because of his activity, is in contact 

with dozens of patients and familiars, becoming an infected vector. 

A correct design of the ventilation facility of the indoor space together with other individual 

protective measures helps to avoid airborne cross infections. Ventilation flows can remove the 

emitted droplets or maintain them far from the other occupant’s inhalation zone. 

The use of the ventilation is also crucial to maintain the thermal comfort of the occupants. 

Supplying fresh air, the ventilation facility compensates the present heat gains and removes the 

pollutants emitted inside. An incorrect ventilation facility design could lead to weaken thermal 

comfort conditions of the occupants so, this issue must be evaluated commissioning it .  

The dispersion of the emitted droplets through respiratory events depends on the interaction 

between the ventilation flows and the exhalation flow. Different previous studies on the matter 
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reveal that the changes in both flows can modify the final distribution of the exhaled droplets. 

Since the droplets are seeded through the exhalation flow, its development must be studied in 

detail in order to gain knowledge on how and where are contaminants transported depending 

on the breathing function performed.  

This thesis aims to gain knowledge on the distribution of the exhaled droplets in hospital 

environments. It permits the evaluation of the exposure of the rest of the occupants to these 

contaminants and hence estimate their cross infection risk. To reach this milestone, it is 

necessary to characterize the exhalation flow from simplified airways as a source of 

contaminants and hence evaluate its resemblance with real exhalation flows. 

Different breathing exhalation flows are characterized. The flow is studied by using particle 

image velocimetry technique while the droplet distribution has been analysed using tracer gas 

as a surrogate. After that, different ventilation configurations are tested on a typical individual 

room setup considering a lying patient, as a source of contaminants and a standing health 

worker close to it, as a target or susceptible person.  

The occupants, represented by thermal breathing manikins, are equipped with the simplified 

airways considered for the study. Tracer gas technique is used to evaluate health worker 

exposure to patient exhaled contaminants. It is possible to measure health worker’s exposure 

by measuring the contaminants amount present in its inhalation from the exhaled by the patient. 

This way it is possible to determine the optimum ventilation configuration for the setup in terms 

of reducing health worker’s exposure. 

During these experiments thermal comfort for both, the patient and the health worker, is 

evaluated in order to assure that the ventilation configuration guarantee the required thermal 

comfort indices by international standards. 

The results obtained in this thesis permit obtain valuable conclusions. The exposure of a health 

worker to the patient’s exhaled contaminants is evaluated considering different parameters. 

The influence of the patient’ breathing function and exhalation mode is addressed concluding 
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that it has a non-despicable influence on the flow and exhaled contaminants diffusion. Different 

ventilation strategies are tested, considering mixing, displacement ventilation configurations, 

and several air ventilation rates. Results show that is feasible to reduce health worker exposure 

by a selecting proper design of the ventilation facility. Occupant’s thermal comfort turn out to 

be a major issue in such scenario, being a challenge obtain a reasonable comfort indices for the 

two occupants due to their different activities performed. 
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Resumen 

Los seres humanos necesitan respirar para sobrevivir. El aire emitido a través de procesos 

respiratorios tales como la respiración, la tos y los estornudos contiene pequeñas partículas 

conocidas como “droplets” (gotitas). Estas gotitas pueden contener patógenos, que pueden ser 

una fuente de infecciones de transmisión por vía aérea. 

Pasamos cada vez más tiempo en ambientes interiores. Dentro de estos espacios aumenta la 

probabilidad de inhalar partículas emitidas por otra persona. Por lo tanto, la probabilidad de 

que ocurra una transmisión de una enfermedad también aumenta. 

De todos los ambientes interiores, los espacios sanitarios son quizá, los más propensos para las 

infecciones cruzadas. En estos espacios coexisten en contacto estrecho, trabajadores sanitarios, 

pacientes y familiares. El contagio de un trabajador sanitario es un hecho especialmente 

preocupante porque, debido a su actividad, se encuentra en contacto con docenas de pacientes 

y familiares, convirtiéndose en un vector de enfermedad. 

Un diseño correcto de la instalación de ventilación de un ambiente interior ayuda a evitar las 

infecciones cruzadas por vía aérea. Los flujos de ventilación pueden eliminar las gotitas 

emitidas o mantenerlas lejos de la zona de inhalación de otros ocupantes. 

El uso de la ventilación es también crucial para mantener el confort térmico de los ocupantes. 

Proporcionando aire fresco y limpio, la instalación de ventilación compensa las cargas térmicas 

y elimina los contaminantes producidos en su interior. Un diseño incorrecto de la instalación 

de ventilación puede conducir a un deterioro de las condiciones de confort de los ocupantes, 

de modo que este hecho ha de ser evaluado antes de dar por buena la instalación. 
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La distribución de las partículas emitidas a través de procesos respiratorios depende de la 

interacción entre los flujos de ventilación y el de exhalación. Diferentes estudios previos 

revelan que los cambios en estos dos flujos derivan en una diferente distribución final de las 

partículas emitidas. Ya que las gotitas son emitidas a través del flujo de exhalación, su 

desarrollo ha de ser estudiado en detalle para incrementar el conocimiento sobre cómo y dónde 

son transportadas las partículas dependiendo de la función respiratoria realizadas.  

Esta tesis tiene como objeto profundizar en el conocimiento de la distribución de los 

contaminantes exhalados en ambientes hospitalarios. Esto permite evaluar la exposición del 

resto de ocupantes y de este modo estimar su riesgo de infección cruzada. Para lograr este 

objetivo es necesario caracterizar el flujo de exhalación emitido a través de las vías respiratorias 

simplificadas como fuente de contaminantes y evaluar su parecido con flujos exhalados reales. 

Se caracterizan diferentes exhalaciones respiratorias. Utilizando la técnica de velocímetría de 

imagen de partícula se estudia su flujo mientras que la distribución de las partículas emitidas 

se ha estudiado sustituyéndolas por un gas trazador. Una vez concluido este estudio, se prueban 

diferentes sistemas de ventilación utilizando una configuración típica para habitaciones de 

hospital individuales, considerando un paciente tumbado, como fuente de contaminantes, y un 

trabajador sanitario erguido situado cerca del mismo, como objetivo de los mismos. 

Los ocupantes, representados por maniquíes térmicos, están equipados con las vías aéreas 

simplificadas consideradas en este estudio. La técnica de gases trazadores se utiliza para 

evaluar la exposición del trabajador sanitario a los contaminantes exhalados por el paciente. Es 

posible estimar la exposición del trabajador sanitario midiendo la cantidad de contaminantes 

presente in su área de inhalación frente a los emitidos por el paciente. De este modo es posible 

determinar la configuración de ventilación optima en términos de reducción de la exposición 

del trabajador sanitario. 
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Durante el transcurso de los experimentos se evalúa el confort térmico de los ocupantes con 

objeto de comprobar que la configuración de ventilación probada asegura los valores exigidos 

por las normas internacionales. 

Los resultados obtenidos en esta tesis permiten obtener valiosas conclusiones. La exposición 

del trabajador sanitario a los contaminantes exhalados se evalúa considerando diferentes 

parámetros. La influencia de la función respiratoria del paciente y del modo de respiración es 

abordada concluyéndose que tiene una influencia no despreciable en la difusión de los 

contaminantes exhalados. Se prueban diferentes estrategias de ventilación, considerando 

ventilación por mezcla y por desplazamiento, y diferentes tasas de renovación de aire. Los 

resultados muestran que es posible reducir la exposición del trabajador sanitario a través de 

una selección de un diseño apropiado de la instalación de ventilación. El confort térmico de los 

ocupantes resulta ser un problema importante en este escenario, siendo un reto obtener 

resultados de confort razonables para los dos ocupantes debido a las diferentes actividades 

desarrolladas por los mismos 
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Introduction 

Recent research studies have proved that different diseases are airborne transmitted [1,2]. 

Pathogens present in the environment can be inhaled by a person or reach its mucosa 

transmitting a disease [3]. As a response, different international standards provide 

recommendations to avoid this issue in healthcare environments [3–5]. 

These pathogens can be emitted though respiratory events such as breathing, coughing or 

sneezing [6–8]. The flow produced during these events contains different matter, among which 

water based drops are found [9–11]. Pathogens can survive inside these particles even when 

they lose mass because of evaporation and become in droplets nuclei [12]. In this form, 

pathogens can travel long distances driven by indoor airflows [13]. 

Indoor spaces are conducive spaces for airborne cross infections. This is because, in these 

spaces, people share long periods of time in close contact with other occupants in the same 

environment increasing the possibilities of disease transmission. One of the tools to remove the 

pollutants generated inside an indoor space is the use of a proper ventilation strategy. Indoor 

occupied environments dispose of a ventilation facility that supply fresh air strategically to 

displace or dilute the undesirable matter and this way avoid the exposure of the occupants 

[14,15]. 

The effectivity in removing the pollutants of the ventilation facility depends on the specific 

characteristics of the ventilated space and on the ventilation configuration chosen. Parameters 

such as the position of the occupants and the situation and the amount of the heat gains affect 

the effectivity of the ventilation system [16]. Therefore, a correct design of a ventilation facility 

needs to take into account these parameters. 
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The effectiveness of the ventilation is evaluated by using different indices. On one side, there 

are indices used to quantify the ability to remove the contaminants globally and locally, such 

as the air change efficiency, the local air change index, the contaminant removal effectiveness 

and the local air quality index [17]. On the other side, indices such as the contaminants exposure 

[18–20] or the intake fraction[21–23], value the effective amount of contaminants that reach 

the inhalation of the occupants. 

The evaluation of the effect of different ventilation configurations on an indoor environment is 

carried out through experimental and numerical studies. Experimental studies use techniques 

such as tracer gases or tracer particles to surrogate the contaminants released in the indoor 

space [14,24–28]. The surrogating element is seeded into the contamination source flow, being 

its concentration registered in different places inside the indoor space in order to evaluate its 

concentration. Different gases and particles of different size can be used to surrogate the 

exhaled droplets. Different authors have studied the convenience of the use particles and tracer 

gases for exhaled contaminants surrogate [29–31].  

One of the most sensible environments to airborne cross infections are healthcare facilities. 

Although, not all the spaces inside healthcare centres require the same attention. International 

standards fix different ventilation requirements based on the use of the spaces. 

One of the main requisites imposed is the air ventilation rate. Based on the criteria fixed by 

CDC [5], the most ventilation demanding spaces are operation theatres, where the minimum 

air changes per hour (ACH) value is fixed to 15. Other spaces with a high demand of ventilation 

are patient rooms, which requires a minimum ventilation rate of 6 ACH and a maximum of 12 

ACH if the room is catalogued as an airborne infection isolation room (AIIR). The rest of the 

spaces require lower ventilation rates. 

Different studies have investigated the role of the ventilation flows in the contaminant removal 

and contaminant exposure occupants’ reduction in such environments. The performance of 

different ventilation configurations in operating theatres was studied by Chow [32] finding 
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important differences between them. The risk of cross infection in an operating room equipped 

with a ultraclean ventilation system was numerically evaluated [33] concluding that even using 

this equipment, the cross infection is possible [34]. The impact of surgical lamps and the pursuit 

of a more effective design in terms of ventilation performance is also challenge regarding these 

spaces [35] so the pursuit of new designs that don’t obstruct ventilation flows is contingent. 

The study of the ventilation of hospital rooms can be classified in the study of multiple wards 

and individual rooms. Multiple patients hospital wards are still common in healthcare facilities 

[36,37]. Due to the cohabitation of patients with different diseases in different immune system 

conditions, it presents an interesting scenario in the struggle to reduce cross infection risk by 

means of ventilation. The distribution of exhaled droplets in these scenarios has been studied 

revealing that the ventilation plays a significant role on it [38,39]. The distribution of the 

exhaled contaminants has been also studied for two bed hospital rooms under different 

ventilation configurations [12,40] obtaining that the ventilation system is crucial in the 

reduction of the occupants exposure to the exhaled contaminants. 

Nowadays, new hospitals tend to provide individual rooms for the patients. The study of the 

individual hospital rooms is faced from different perspectives. Some authors studied the 

distribution of the exhaled contaminants inside the indoor space [41–43]. This topic was 

simulated numerically considering a typical individual hospital room setup [44] underscoring 

the importance of understanding the mean and turbulent airflow patterns in order to improve 

the performance of the ventilation facility. Also using numerical methods, a mathematical 

model that allows the prediction of the environmental contamination caused by airborne 

particles was developed for single and multiple hospital rooms [36]. More specific numerical 

studies have focused their attention in the influence of very specific parameters, such as the 

study carried out by Wang. J. et al [45], who focus their attention on the influence of the human 

walking on exhaled contaminants distribution. The distribution of the contaminants and its 

relation with the exposure of other occupants is analysed numerically. Memarzadeh L. et al. 

studied numerically the ventilation performance and thermal comfort of the patients 

considering different ventilation configurations [46]. Using the same experimental conditions, 



Introduction  

 

 

4   

 

the authors also studied the airborne cross infection risk [47]. The author concluded that there 

is not a unique solution for such spaces and the results obtained are dependent on a number of 

parameters. Another systematic study considering different ventilation elements position was 

numerically conducted by Villafruela J.M. et al. [48] which conclusions reinforce the 

importance of the relative positions of the ventilation elements inside the experimental chamber 

in contaminants distribution and their removal.  

The experimental research on the diffusion of exhaled contaminants in individual hospital 

rooms is scarce. An experimental study on the ventilation performance of an individual room 

was conducted using tracer gas technique considering a fixed ventilation elements 

configuration and testing different ventilation rates [49]. The study revealed that the increase 

of the air ventilation rate reduces the amount of contaminants present in the indoor space. The 

study is carried out without considering the presence of a health worker and using a very 

simplified thermal manikin. Novel personalized ventilation systems have been tested in 

individual hospital rooms in order to determine their performance in avoid cross infection risk 

[50,51]. The effect of the differential pressure between the indoor space and the effect of the 

door opening has also been studied in individual hospital rooms [52]. Different ventilation flow 

and pressure control systems have been also experienced  [53] highlighting the importance of 

maintaining the door of the room closed as much as possible. However, scantly experimental 

systematic research to determine the exposure of a health worker to patient exhaled 

contaminants considering different ventilation configurations has been carried out so far. 

Several studies have focused their attention in the characterization of the mechanisms of the 

distribution of the contaminants emitted by different respiratory processes [54–57]. Valuable 

information such as the maximum propagation distance of the particles [58] or their size 

distribution [10,59] are obtained from these studies. Sneeze is a violent respiratory event that 

emit a considerable amount of contaminants in form of bio-aerosols. Different authors have 

performed the study of the propagation of the particles that contains its flow. These studies use 

different techniques. Some of them are numerical studies [60,61] while other use experimental 
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techniques such as particle image velocimetry (PIV) [54,62]. All these studies add knowledge 

about how the flow spread the contaminants in the environment. Cough is also a violent 

respiratory event associated with different diseases. The study of the mechanic of the release 

of the particles has been developed recently [62,63] presenting a different contaminants 

emitting pattern that the sneezing.  The exposure of other people to the contaminants emitted 

in the cough flow has also attracted the attention of different researchers [64,65], who stand 

out the importance of the environmental parameters such as the ventilation flows and the 

distance between the source of contaminants and the target person. Breathing is the most 

common respiratory event since it is a basic and necessary process for human life. Exhalation 

releases the inhaled air loaded with the waste products of cellular respiration, in addition, the 

exhaled air can contain different organic compounds and pathogens. Different studies have 

approached exhalation in order to describe its dynamics [58,66] and determine the way the 

exhaled matter distributes [67].  Different experimental techniques are used to characterize 

exhalation flow. Gupta et al. [68] uses a basic spirometer in a numerous population to 

determinate the most influencing parameters in exhalation flow and obtain correlations based 

on these parameters to obtain realistic breathing functions. Other authors analysed  the transient 

jet created by the exhalation flow by describing the velocity decay along the centreline using 

hot wire anemometers [42,69,70]. Particle image velocimetry is also used to describe the field 

of velocities created by the exhalation flow [58,66]. The studies analysing the exhalation flow 

were performed with standing persons or thermal manikins. Standing and lying persons 

exhalation has been also studied by using Schlieren visualization technique [71] standing out 

the differences in terms of propagation through time of different exhalations. 

The ventilation facility is not only important to remove the indoor emitted contaminants; it also 

must provide the necessary environmental conditions to achieve thermal comfort for the 

occupants. Hence, an incorrect design of a ventilation facility could deteriorate the thermal 

comfort conditions of the occupants, being possible falling out of the international standards 

fixed thermal comfort ranges. There are several reasons related to ventilation that could 

deteriorate thermal comfort such as a high velocity air currents or a high temperature 

stratification in the occupied area. Thermal comfort is a crucial issue to consider in indoor 
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space ventilation system designs as it evidences the international standards regarding this topic 

[72]. A high number of studies focus their attention in this issue. Occupants thermal comfort 

considering different ventilation configurations have been studied systematically [26]. 

Focusing the attention on healthcare environments, different studies evaluate thermal comfort 

in different locations in the pursuit of improving it for all the occupants. The achievement of 

this goal require reaching specific environmental conditions [73]. The comfort of the occupants 

of an operating room is studied  in detail concluding that achieve an acceptable values for all 

the of them is difficult  due to the diverse activities carried out [74], the high air ventilation rate 

required and the presence of important heat gains such as the lamps. The study of this issue in 

hospital individual rooms has been evaluated in different ways. General studies considering 

the thermal comfort of specific occupants in such spaces have been carried out [75]. The 

particularities sleeping patients have been studied by different authors [76,77] obtaining that 

the optimum comfort environmental temperature is higher than for standing persons. Other 

studies face the differences of thermal comfort conditions for people of different characteristics 

[78]. However, this issue has not been addressed systematically for confined patients and health 

workers inside hospital rooms. 

Once the state of the art is analysed, the most relevant parameters that affect the health worker 

exposure to the patient exhaled contaminants in a hospital room are the following. 

 Relative position of the patient and the health worker. 

 Relative position of the ventilation supply and exhaust. 

 Ventilation configuration and strategy. 

 Air ventilation rate set. 

 Breathing functions performed by the health worker and the patient. 
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 Exhalation route, nose or mouth, followed by the exhalation flow in its path to the 

external environment.  

 Movement of the occupants of the space. 

 Position and magnitude of the heat gains inside the indoor space. 

This thesis is intended to evaluate the exposure of a health worker to the exhaled contaminants 

emitted by a lying confined patient in an individual hospital room considering some of the 

parameters listed above. This is conducted experimentally in the HVAC Laboratory of the 

University of Córdoba (LAVEC) using two breathing thermal manikins. Realistic ventilation 

and heat gains conditions can be reproduced in the laboratory facilities. Heat gains, apart from 

the recreated by the thermal manikins, can be simulated by the use of hydronic radiant panels, 

installed in the floor, ceiling and one of the walls. The radiant wall is used to reproduce the 

heat gain of an external wall in the summer for several experiments carried out in the frame of 

this thesis. Different ventilation configurations have been tested in order to determine their 

performance in reducing health worker exposure. Displacement (DV) and mixing (M) 

ventilation strategies are tested. Four mixing ventilation configurations are tested as a 

combination of two supply and two exhaust modes. The air can be supplied though swirl 

diffusers (S) or through grilles mounted in the upper part of a wall (G). While the exhaust can 

be performed though grilles mounted in the upper part of a wall (U) or in the lower part of the 

wall (D). Three different air ventilation rates 6, 9 and 12 ACH are tested for all the 

configurations. The influence of the source of contaminants, considering different breathing 

modes and exhalation functions, and the influence of the ventilation strategy chosen, 

considering different ventilation configurations and air ventilation rates, is seized in order to 

determine the conditions that permit reduce the exposure of the health worker to patient exhaled 

contaminants in hospital rooms.   
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Hypothesis and Objectives 

The main hypothesis on which this thesis is based is that a proper design of the ventilation 

facility of an indoor space can reduce the exposure of the occupants to the exhaled 

contaminants. In this case, the study focuses in an individual hospital room, being the source 

of contaminants the exhalation of a confined lying patient. The evaluation of the contaminants 

exposure and hence the cross infection risk between the patient and the health worker is done 

considering a  health worker standing close to the patient. The design considers both the relative 

position of the supply and the exhaust respect to the occupants and the air ventilation rate 

performed. The ventilation facility design must provide also correct ventilation performance 

indices inside the indoor space and assure that the occupants benefit from a thermal comfort 

compatible with the standard requirements. 

In view of the hypothesis developed, it is possible to define the main question to solve by the 

research carried out during this thesis: Which is the most effective ventilation configuration 

to reduce the exposure of the health worker to the contaminants exhaled by a patient in 

a hospital room?  

Different objectives can be raised to completely answer the main question stated. 

 The main objective of this thesis is determine the exposure of the health worker to the 

contaminants exhaled by a patient in hospital rooms. The gathering of the distribution 

of the exhaled contaminants near the inhalation point of the health worker is considered 

in order to determine how the contaminants reach the microenvironment of the target 

person. 



Hypothesis and Objectives  

 

 

10   

 

As secondary objectives that permit understand the process as a whole can be stated the 

following: 

 Characterize and evaluate the influence of the different exhalation modes and breathing 

functions of the patient’s exhalation as contaminants source. Additionally, exhalation 

through nose or mouth must be tested. 

 Evaluate the influence of different ventilation configurations in removing the indoor 

emitted contaminants, weighting their impact in health worker exposure to exhaled 

contaminants.   

The pursuit of the different objectives stated requires the research to be developed in a 

controlled environment. For that purpose, the design and construction of the necessary 

apparatus to perform the required experimental is required. Likewise, the evaluation of the 

correct operation and design of the ventilation facility configuration is carried out by checking 

that the ventilation effectiveness indices and the global and local thermal comfort indices for 

both occupants are consistent with the international standards and recommendations stated 

[17,79]. In this way, it is possible to confirm that the ventilation configuration solutions tested 

assure the wellbeing of the occupants.  
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Research Development 

In order to assess these objectives, different actions are conducted to obtain the experimental 

results that answer the fixed objectives.   

With the purpose of determine the exposure of the health worker to the contaminants exhaled 

by the patient, the laboratory must reproduce realistic conditions. For that purpose, it is 

equipped with the necessary apparatus to reproduce the conditions that can be found in an 

individual hospital room. The scenarios provide the possibility to test different ventilation 

configurations and simulate several indoor heat gains. 

Thermal manikins that conduct breathing activities through simplified airways surrogate the 

presence of people. The breathings performed are controlled through independent artificial 

lungs that permit modify the flow at convenience. Papers I and II address the design of the 

thermal manikins and the artificial lungs respectively. 

The manikins’ position emulates a typical individual hospital room situation. One of the 

thermal manikins, performing as a health worker stands close to the other thermal manikin that 

lies on a bed performing as a confined patient. Considering this configuration, a preliminary 

test on the influence of the air ventilation rate on the health worker exposure to patients’ 

released contaminants is addressed in Paper III. 

The study of the exhalation flow of the lying patient requires a transient study of the dynamics 

of the flow and a specific research on the contaminants distribution around. The flow 

characterization requires the use of the particle image velocimetry (PIV) technique. While the 

characterization of the distribution of contaminants around the exhalation point is characterized 

by using tracer gas technique. The results obtained from this study were published in Paper IV. 
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Two different patient breathing functions were tested. The health worker contaminant exposure 

to the contaminants released by these exhalations was described in Paper VI  

The methods stated in ISO EN 7730 [79] international standard provide global and local 

thermal comfort indices for the two occupants of the indoor space. Different environmental 

probes installed along two vertical poles close to the thermal manikins return the necessary 

data to obtain these indices. An approach to the influence of different air ventilation rates on 

the thermal comfort of the occupants is developed in Paper V. 

Once it is checked that the health worker is exposed to the contaminants released by the patient, 

it is time to analyse the way the contaminants reach its inhalation area. For this purpose, the 

tracer gas registers are examined in detail over the whole experiment in pursuit of transient 

effects such as concentration peaks. In order to deal with the transient processes, different 

indices are defined to better compare and analyse the different cases tested. Results were 

published in Paper VII. 

In order to address the influence of the different exhalation modes, the influence of the 

exhalation way that the patient uses to exhale is evaluated. Exhalation is performed through 

mouth and nose and the effects on health worker exposure are registered. Results resulted in 

Paper VIII. 

Once the influence of the ventilation system on the indoor space was delimited, a systematic 

study considering a number of ventilation configurations and air ventilation rates was designed. 

The objective was the study of the exposure of the health worker to the patients’ exhaled 

contaminants in each situation. Results became in the origin of papers IX and X. 

Figure 1 presents a summary of the development of the experimental activities. The relation 

between the parameters tested in each set of experiments, the tasks carried out to meet the 

stated objectives and the publication obtained from the research experience. 
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Figure 1. Relation between the parameters tested in each test batch, the tasks intended to address and the 

research production obtained in the frame of the development of the thesis. 
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Paper I. Design and assembly of thermal manikins for 

HVAQ systems testing 

 

This paper was presented in the 9th National Thermodynamics Engineering Conference, 1–8 

June, 2015,. Cartagena, (Spain) and was published in the proceedings of the congress. 

This paper describes the geometry of the two identical thermal manikins designed for their 

use in HVAQ studies of indoor spaces. The document also contains a description of the heat 

emission system implemented. The manikins emit an adjustable amount of energy in four 

differentiated zones, the head, the arms, the trunk and the legs. The energy is released by 

means of Joule principle, being the body of the manikin coiled with nickel wire. 

The control of the system is performed by using an Arduino microcontroller pate. The 

emission of the heat is carried out by using a pulse width modulation (PWM). The disposable 

energy is trimmed over time at high velocity to obtain the effective energy emission. This 

control method assures a very accurate energy emission as it has been checked using an 

independent energy measurement system. 
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Paper II. Design and assembly of a breathing 

surrogating system for thermal manikins devoted to 

the HVAQ system testing 

 

This paper was presented in the 9th National Thermodynamics Engineering Conference, 1–8 

June, 2015. Cartagena, (Spain) and was published in the proceedings of the congress. 

This document describes the breathing system implemented for the thermal manikins 

assembled. Each manikin equips its own independent system. A linear actuator in 

combination with a double effect pneumatic cylinder performs as an artificial lung. A 

microcontroller (Arduino plate) operates the linear actuator controlling the position, 

acceleration, deceleration and maximum velocity of the piston inside the cylinder. This way 

the complete breathing function is reproduced. The accuracy of the system is evaluated by 

checking the position of the actuator over time. 
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Paper II. Design and assembly of a breathing surrogating system for thermal manikins devoted 
to the HVAQ system testing 
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Paper III. Influence of the air renovation rate on the 

risk of cross infections in a hospital room with a 

combined radiant and mixing ventilation system 

 

This paper was presented in the 12th REHVA World Congress held in Aalborg (Denmark), 

from 22nd to 25th of May 2016. The document was published in the congress proceedings. 

This study is meant to test the hypothesis of the influence of the ventilation flow on the 

exposure of the health worker to patient exhaled contaminants. 

Thermal manikins distribute in a typical hospital room position with the health worker 

standing close a lying patient. This position remains constant in all the tests performed in 

this thesis. 

Results show that the contaminants released by patient’s exhalation depends on the 

ventilation configuration set. Hence, it is possible to look for the optimum ventilation 

strategy to reduce the health worker exposure to patient’s exhaled contaminants. 
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Paper III. Influence of the air renovation rate on the risk of cross infections in a hospital room 
with a combined radiant and mixing ventilation system 

 

 

 

38   

 



  

 

  39 

 



Paper III. Influence of the air renovation rate on the risk of cross infections in a hospital room 
with a combined radiant and mixing ventilation system 

 

 

 

40   

 



  

 

  41 

 



Paper III. Influence of the air renovation rate on the risk of cross infections in a hospital room 
with a combined radiant and mixing ventilation system 

 

 

 

42   

 



  

 

  43 

 



Paper III. Influence of the air renovation rate on the risk of cross infections in a hospital room 
with a combined radiant and mixing ventilation system 

 

 

 

44   

 



  

 

  45 

 



Paper III. Influence of the air renovation rate on the risk of cross infections in a hospital room 
with a combined radiant and mixing ventilation system 

 

 

 

46   

 



  

 

  47 

 

 

 





 

 

  49 

 

Paper IV. Experimental analysis of the air velocity 

and contaminant dispersion of human exhalation 

flows 

 

The paper has been published in Indoor Air journal (doi: 10.1111/ina.12357) 

Since the source of contaminants studied is patient’s exhalation, the flow that projects the 

contaminants released must be studied in detail. This study considers two different 

exhalations in order to determine the influence of the exhalation mode in the distribution of 

the contaminants around the exhalation point. 

Results show that the exhalation mode determines the resulting flow development over time 

and the distribution of the contaminants around the exhalation point. Through this study, it 

is possible to characterize the exhalation of a lying person, which permits gain knowledge 

on the flow that drives the contaminants out of the human body. 
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Paper IV. Experimental analysis of the air velocity and contaminant dispersion of human 
exhalation flows 
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Paper V. Evaluation of the thermal comfort in a 

hospital room considering different air ventilation 

rates 

 

This paper was presented in the 10th National Thermodynamics Engineering Conference, 

held from 28th to 30th June 2017in Lleida, (Spain) and was published in the proceedings of 

the congress. 

This research explores the influence that the increase of the air ventilation rate has on the 

thermal comfort of the occupants. A mixing ventilation considering a configuration 

consisting in a supply grilles places on the upper part of a wall and two position of two 

exhaust grilles placed in the opposite wall, in the upper part and in the lower part is tested. 

Results show that both, the air ventilation rate and the ventilation airflow paths affect the 

comfort of the occupants. The increase of the air ventilation rate does not necessary lead to 

worse thermal comfort indices. Thermal comfort is highly dependent of the ventilation air 

paths created by the combination of the ventilation configuration and the air ventilation rate 

set. 
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Paper V. Evaluation of the thermal comfort in a hospital room considering different air 
ventilation rates 
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Paper VI. Influence of the breathing function on the 

airborne cross-infection risk in a hospital 

environment 

 

This paper was presented in the 7th European Congress for International Federation of 

Hospital Engineering, held from 29th to 31st  May 2017in Bologne, (Italy) and was published 

in the proceedings of the congress. 

Once the influence of the breathing function is tested on the distribution of the exhaled 

contaminants in the short range, the influence of this exhalation is evaluated on a person 

standing close to the patient. The thermal manikin representing the health worker stands 

close to the patient, in a common situation that is usual in hospital rooms. The contaminants 

concentration is registered close to the inhalation of the thermal manikin. Both, the manikin 

that represents the patient and the patient that represents the health worker are performing 

complete breathings during the tests. 

The results obtained permit the evaluation of the influence of the exhalation function on the 

relative amount of contaminants that reach health worker inhalation area. 
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Paper VI. Influence of the breathing function on the airborne cross-infection risk in a hospital 
environment 
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Paper VII. Can contaminant air quality indices be 

used to analyse the risk of airborne cross Infections 

in hospital environments? 

 

This paper was presented in the AIVC 2017 Workshop about Air Infliltration and Ventilation 

Centre held from 14th to 15st March 2017 in Brussels, (Belgium) and was published in the 

proceedings of the congress. 

This study focuses its attention on the possible relation between the air quality indexes and 

the possibility of the occurrence of an airborne cross infection. Since ventilation influences 

how exhaled contaminants distribute, it is possible to infer that the improvement on the 

ventilation efficiency indices could enhance the cross infection risk. 

Results show that this relation is not always true because the exposure to contaminants is 

sometimes a transient process and ventilation efficiency indices do not reflect these 

particularities. Therefore, it is necessary to face the problem considering indices that reflect 

the high exposure punctual events that could lead to cross infections. 
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Paper VII. Can contaminant air quality indices be used to analyse the risk of airborne cross 
Infections in hospital environments? 
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Paper VIII. Experimental measurements of the 

exposure to exhaled contaminants from different 

breathing modes 

 

This paper was presented in the 2018 ROOMVENT / VENTILATION congress 2018 held 

from 2nd to 5st June 2018 in Helsinki, (Finland) and was published in the proceedings of the 

congress. 

Once the influence of the breathing function is evaluated, the influence of the route that the 

exhalation air to reach the external environment is addressed. The airway through the two 

possible exhalation modes, through the nose or through the mouth have a different conduit 

geometry. This could lead to a different flow development once the air reaches the 

environment even if the breathing function remain constant. To evaluate the influence of this 

parameter, an experimental schedule of four tests resulting from the combination of two 

different breathing functions and the two different exhalation modes. The influence of the 

breathing mode on the contaminants distribution is evaluated considering the exposure of 

the health worker to the patient’s exhaled contaminants. Results reinforce the idea that the 

exposure to the exhaled contaminants is a transient process. Even not existing high 

differences between the considered cases in average exposure indices, peak values show very 

different situations. According to the obtained results, peak exposure indices are developed 

in order to evaluate the maximum cross infection risk in each situation. 
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Paper VIII. Experimental measurements of the exposure to exhaled contaminants from 
different breathing modes 
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Paper IX. Experimental evaluation of thermal 

comfort, ventilation performance indices and 

exposure to airborne contaminant in an airborne 

infection isolation room equipped with a 

displacement air distribution system 

 

The paper has been published in Energy and Buildings journal 

(10.1016/J.ENBUILD.2017.09.100) 

Once the transient nature of health worker exposure is revealed, a systematic study on the 

exposure to patient exhaled contaminants is carried out considering displacement ventilation 

strategy and different air ventilation rates. Three different air ventilation rates are tested. 

From 6 ACH considered for common patient hospital rooms, going through the intermediate 

value of 9 ACH and to 12 ACH, required for airborne infection isolation rooms. 

Results show that this innovative ventilation strategy permits gathering good ventilation 

efficiency indices and acceptable exposure indices for reduced air ventilation rates. Global 

and local comfort indices indicate that the maintenance of the highest thermal comfort 

standards for all the occupants of the room is a challenge. 
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Paper X. Experimental assessment of different 

mixing air ventilation systems on ventilation 

performance and exposure to exhaled contaminants 

in hospital rooms 

 

The paper has been published in Energy and Buildings journal 

(10.1016/j.enbuild.2018.07.053) 

After performing the analysis of displacement ventilation strategy, other mixing ventilation 

strategies are tested. Mixing ventilation strategy can be faced by supplying and exhausting 

air from different points inside the indoor space. This study focuses its attention in two 

different ways to supply air, using swirl diffusers and wall grilles, and two different exhaust 

grille heights located in the upper part of the wall  and in the lower part of it. 

Results highlight the importance of the ventilation flow currents on the dispersion of the 

exhaled contaminants. Different ventilation configurations and flow rates lead to diverse 

results on contaminant dispersion inside the indoor space. In accordance with the results 

obtained together with the obtained for the same set up using displacement ventilation, it is 

possible to discuss the optimum ventilation configuration and the air ventilation rate that 

leads to reduce health worker cross infection risk. 
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Discussion 

In order to solve the main question stated in the hypothesis and objectives section, it is 

important to evaluate the exposure to the contaminants in qualitative terms. The variable used 

for this purpose is the intake fraction  since it represents the amount of contaminants that 

effectively are inhaled by the health worker. It is considered in the three forms presented in this 

study and defined in Paper IX, its mean value , the average of the registered peaks 

% , and the maximum peak registered value . Additionally, the frequency of the 

peaks ( , %) is used to determine the occurrence of high contaminant concentrations in 

health worker airways. 

The exposure to contaminants is weighted considering the minimum and the maximum index 

values registered. This way three categories are delimited that permit seize the influence of the 

tested parameters evaluated in each case. The mathematical expression used to classify the 

parameters listed above is detailed in the following expression considering  as the variable 

used to evaluate the exposure to contaminants of HW in each case: 

	
1
3

max min	 	 	 	

	
1
3

max min	 	
2
3

max min	 	 	 	

	
2
3

max min	 	 	 	

 (1) 

 

The influence of the ventilation strategies and the air ventilation rates tested on the exposure to 

contaminants is evaluated quantitatively. The results  obtained in the cases studied in the Papers 

VIII and IX are used for this evaluation. The results of the analysis are shown in Figure 2. 
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Figure 2. Qualitative analysis of the exposure risk of all the cases tested. (a) , Intake fraction; (b)	 , 

Maximum concentration intake fraction; (c) %, Peak average intake fraction; (d)	 , %, Contaminant 

concentration peak frequency. 

Results show that the exposure risk depends on the experimental configuration used. 

Depending on the exposure index selected to evaluate the exposure , %, , % or 

 the qualitative risk can also be different.  

The analysis based on the average exposure values ( ) shows that the increase of the air 

ventilation rate has in general a positive impact on the exposure risk, registering a low risk 

when the ventilation rate is increased to 12 ACH in all cases. The improvement is evident when 

the swirl (S) diffusers are used to supply ventilation air to the experimental chamber, when the 

exposure risk registers a constant improvement. The tendency is not as clear when wall grille 

(G) supply grilles are used, where an increment of the exposure risk is registered for 9 ACH 

ventilation rate. The situation highlights that the air distribution inside the experimental 

chamber has an impact on HW exposure under this configuration, as it was analysed in Paper 

IX, and it could be a reason to discourage its use. Displacement ventilation (DV) shows low 

exposure risk values for all the air ventilation rates tested, so it arises as an interesting option 

to consider in hospital rooms. 
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The influence of the concentration peaks is evaluated by using the variables %, , % 

and . The increase of the air ventilation rate generally decreases the scale of the peaks as 

it is shown by the decrease of the exposure risk obtained when the values of %. The only 

exception to this tendency arises when G supply is used. Again, the dependency on the 

configuration of the flow distribution inside the indoor space makes the exposure risk increase 

for the intermediate air ventilation rate tested. The magnitude of the maximum exposure risk 

is evaluated by  index. In this case the tendencies are very similar to the obtained for 

%. Nevertheless, it can be observed an increase of the exposure risk for DV configuration. 

For this strategy, the increase of the air ventilation rate weakens HW thermal plume, increasing 

the exposure risk. It has to be considered when selecting the air ventilation for this 

configuration.  

The exposure risk based on the contaminant concentration peak frequency ( , %) shows that, 

there is not a direct relation between the magnitude of the peaks and its frequency. An increase 

of the ventilation rate increases the exposure risk for G supply cases, while the risk remains 

low for S supply in all cases. For DV, the exposure risk decreases with the increase of air 

ventilation rate but in any case decreases from medium value. Therefore, based on the peak 

frequency, mixing ventilation S supply cases assure a low risk regardless the air ventilation 

rate used and hence its use is recommended in these terms. 

The influence of the exhalation mode and the breathing function performed are evaluated 

qualitatively using the results obtained in Paper VIII. The ventilation configuration chosen for 

this study is GU, supplying air through the upper part of the East wall and performing the 

exhaust through the grilles placed in the lower part of the West wall. Results are shown in 

Figure 3. 
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Figure 3. Influence of the breathing mode, breathing function and exhalation airway on HW contaminants 

exposure.  

The analysis of the exposure risk based on the value of  shows a high exposure risk for LM 

case and a medium value for LN, while the risk is low for H breathing function cases. This 

situation highlights that L exhalation derives in a higher exposure risk. The analysis based on 

the % index delivers the same results obtained for . Again, the higher risk is located for 

L exhalation, being the only exception from previous analysis that, in this case, the exposure 

risk for HN case is medium. This fact highlights the influence of the nose exhalation airway in 

projecting contaminants to the inhalation area of HW. The magnitude of the maximum peak 

registered in this case ( ) reinforces the idea of the increase of the exposure risk when L 

exhalation is performed. The exposure risk based on the peak frequency ( , %) shows that 

the cases when L exhalation is performed maintain a medium frequency risk, being the higher 

risk located for HN case. The compound of all the variables considered to evaluate the exposure 

risk stands out that the L exhalation, shorter and with la lower momentum promotes higher 

exposure risk. The influence of the exhalation airway is not as clear, N exhaust reveals a higher 

peak frequency while the higher magnitude of the exposure values are found at LM case. 
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Limitations of the work 

All the research performed in this thesis has been is carried out in a laboratory under controlled 

conditions using static breathing thermal manikins instead of real people and using a single 

specific setup. This has been done in order to systematically analyse the problems stated and 

all the different variables tested in this study. Nevertheless, this limits the scope of the 

conclusions of this thesis. The main limitations are listed below: 

 The study has been performed in a controlled laboratory instead in a real hospital 

room, which undermines the realism of the study. Nevertheless, the maintenance over 

time of a controlled conditions necessary to perform the experimental research would 

be a challenge in a real hospital room. In addition, the test of the different parameters 

evaluated in this thesis such as different ventilation configurations and air ventilation 

rates would be impossible.  

 The study uses breathing thermal manikins instead real people, which simplifies and 

homogenise the influence of the occupants. However, the use of real people instead of 

thermal manikins require the specimens to maintain the same position for long periods 

of time, until 10 hours, for a high number of periods, until 80, which is psychologically 

harmful for real persons. Furthermore, it is known that each person can develop specific 

breathing tendencies depending of its specific conditions that could modify the obtained 

results depending of the day.  

 The occupants are maintained still during all the experimental time considered, which 

is not realistic, hence is well known that the displacement of the people inside an indoor 

space would affect the way they are exposed to the present contaminants. Even through, 

this situation could be addressed by the use of dynamic manikins instead of considering 

a static position, the inclusion of this extra parameter would have been increased the 
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experimental complexity and perhaps constitutes an specific research item out of the 

scope of this thesis.  

 The study uses tracer gases to surrogate the exhaled contaminants that may be gases 

or particles. The use of different substances to surrogate contaminants is always 

controversial but their use is widespread [26,29,42,80]. This study uses two different 

tracer gases, CO2 and R134A, which have very different densities, being former quite 

lighter. While CO2 is emitted in the same amount of a real exhalation and can be found 

in the atmosphere in a variable concentration, the R134A is emitted at a fixed rate and 

it is impossible to find it in natural environments. In the context of the experiments 

carried out, CO2 is used in the short range measurements respect to the source because 

its background presence in normal environments hamper the obtaining relative values 

due to the small differences between the measurements in different points. For long 

range measurements R134A is used in order to detect all the contaminants emitted by 

the source. 

 A high exposure to an infected patient exhaled contaminants do not necessarily lead to 

a health worker infection. It is true that the problem is more complex and requires the 

use of cross infection risk models such as the Wells-Riley model [2] to determine the 

probability of infection. Nevertheless, this model requires deal with the quantum 

generation rate, which is the amount of germs produced for each infection source per 

unit of time necessary to cause infection, that are difficult to estimate in experimental 

research. Thus, these methods are mainly focused for the use in simulations using 

computational fluid mechanics. 

These decisions made in order to increase the repeatability of the experiments, could 

undermine the realism of the study. This situation make the conclusions stated in this study 

applicable only to the set up chosen. A further inference of the conclusions stated in this 

study general individual hospital rooms require a deeper field research in different real 

hospitals and is deferred to future works. Likewise, the number of cases studied could have 

been multiplied by using computational fluid dynamics once the case of study is validated. 

This technique properly validated could reduce required experimental research data and 
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help to achieve wider conclusions from the data collected, so it also is postponed to future 

works. 
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Conclusions 

This thesis intends to evaluate the influence of the ventilation configuration on the exposure of 

a health worker to the confined patient’s exhaled contaminants in a hospital room. The 

exhalation of a lying patient confined inside this space is the source of contaminants 

considered. As a source of contaminants, the patient’s exhalation flow has been studied in detail 

in order to better understand the factors governing the distribution of the exhaled contaminants. 

In the pursuit of determining which ventilation configuration is the most effective in reducing 

health worker contaminants exposure, different ventilation configurations are tested. The 

analysis has been performed taking into account the different parameters that are important to 

consider in the design of a ventilation facility such as the ventilation effectiveness indices and 

the thermal comfort of the occupants. 

The patient exhalation flow as the source of contaminants plays an important role in their 

diffusion in the short and in the long range. The main conclusions that are obtained from its 

study are the following: 

  The breathing function performed, which ultimately depends on the characteristic of 

the patient, determines the exhaled air flow rate over time. This has a direct impact on 

the broadening of the exhalation jet angle over the time and on the penetration of the 

flow. A lower maximum flow rate breathing function, would lead to wider jet angles 

and shorter penetration lengths. On the contrary, higher maximum flow rates lead to a 

narrower jet angles with a higher penetration lengths. Flow development determines 

the distribution of the emitted contaminants. A higher penetration jet would transport 

contaminants to a more distant position from the source, where the ventilation flows 

can then drive the contaminants to the exhaust. In contrast, considering the manikins 
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position and posture tested in this thesis, wider patient’s exhalation jet angles permit 

the contaminants to reach the position of the health worker standing close to it.  

 It exist also an influence of the breathing modes on the contaminants dispersion. This 

influence derives from the different area and orientation of the exit points. The opening 

of the mouth is bigger than the nostrils and it stands in a less oblique angle. Results 

show that the maximum health worker exposure arises when exhalation is released 

through the mouth of the patient using a low maximum flow rate breathing function 

due to the major influence of the breathing function.  

The ventilation strategy play a crucial role in removing exhaled contaminants. The main 

conclusions that can be stated form the study of the different configuration tested are the 

following: 

 Two different mixing ventilation supply configurations are tested, presenting different 

tendencies when the air ventilation rate increases. When the swirl supplies are used, S 

cases, the increase of the air ventilation rate is accompanied by a progressive reduction 

of the exposure values. However, when the wall grilles supplies, G cases, are used the 

exposure behaves erratically even when the air ventilation rate is increased. This is due 

to the different air distribution patterns created inside the room in this case.  

 The use of exhaust grilles placed in the lower part of the wall results in slight higher 

health worker contaminants exposure values in comparison with the results obtained 

when the air removal is done through the same grilles placed in the upper part of the 

wall. This is perhaps due to the difficulty found by the contaminants released upwards 

to reach the exhaust when the exhaust is done at a low height. 

 The use of a displacement ventilation configuration (DV) results in reduced health 

worker exposure values for lower ventilation rates. The use of this strategy allow the 

reduction of the air ventilation rate obtaining results comparable to the obtained using 

mixing ventilation at higher ventilation rates. 

 The increase of the air ventilation rate does not necessarily leads to lower exposure 

values for the health worker in all cases. While the exposure decreases with air 

ventilation rate for swirl (S) diffusers mixing cases, this reduction is no effective in wall 

grille mounted diffusers (G) and displacement ventilation cases (DV). The reduction of 
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the health worker exposure is more related with a proper air distribution of the 

ventilation flows that achieve in maintaining the contaminants far from health worker 

inhalation. 

According with the results obtained and the conclusions stated it is possible to select a 

ventilation configuration in order to reduce health worker exposure to the contaminants exhaled 

by the confined patient. Results show that the use of mixing ventilation strategy using swirl 

diffusers permit achieve a lower health worker exposure to contaminants. For this 

configuration, the exposure decrease with the increase of the air ventilation rate, thus 12 ACH, 

which is the air ventilation rate recommended for these spaces [5], is chosen. In order to 

enhance the evacuation of the contaminants the exhaust must be performed though the grilles 

placed the upper part of the wall. Considering this configuration, the exposure of the health 

worker to the exhaled contaminants by the confined manikin is minimized for the considered 

scenario. As an alternative, it is worth stressing that the use of the displacement ventilation 

configuration tested in this experimental scenario maintains the health worker exposure in low 

values for low air ventilation rates. This solution permits the reduction of the ventilation air 

flow which could lead to collateral beneficial situations such as the reduction of draft local 

thermal discomfort or the decrease of the cost of the ventilation facility, reducing the size of 

the fans the costs of operation. 
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Future Works 

This thesis lays the foundations for widening the scope of the stated conclusions through 

additional research. The future research to be done can be divided in different lines: 

 A pursuit of more realistic airway models for thermal manikins that lead to realistic 

exhalation flows. The use of thermal manikins instead of real people assumes a series 

of compromises. Between the more important ones, it can be noted the simplification 

of the manikins airways. The use of simplified airways affect the way the exhalation 

flows development, compromising the realism of the experiments performed. An 

investigation about the way to obtain a model that balances the complexity of real 

airflows and the possibility to be installed in thermal manikins must be carried out. 

 Perform field studies to validate the conclusions obtained in the laboratory. This thesis 

states a series of conclusions that needs to be checked in real individual hospital rooms. 

Thus a field study considering different typologies of individual hospital rooms must 

be carried out to determine if the conclusions are still valid. 

 Carry out computational fluid dynamics studies that permit the study of different 

variables out of the scope of this thesis. Different parameters, such as the movement of 

the manikins, the relative position of the health worker and the thermal manikin respect 

of the ventilation elements or a different disposition of the heat gains that can affect the 

exposure of the health worker to the contaminants exhaled by the confined patient are 

not tested in this study. The use of computational fluid mechanics can help to obtain 

conclusions for these variables once the cases are validated using the experimental 

research carried out in this thesis. In the same way, it would be interesting to 

numerically evaluate the health worker cross infection risk considering methods such 

as the Wells-Riley model [2]. 
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All these possible future research lines would help to gain knowledge on the topic and this way 

help to improve the conditions of patients and health workers in hospital rooms.  
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