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ENGLISH SUMMARY

Human breathing can become potential sources for airborne disease transmission.
Accurate prediction of the infection prone zones and spreading routes of the expelled
contaminants can aid in identifying and implementing the control strategies. This
thesis focuses on characterizing human breathing and its interactions with room
ventilation.

Room ventilation, body plume and human breathing interacts between each other,
causing possible complex dispersion characteristics of exhaled flow and affecting the
inhaled air quality for occupants. This thesis compares the different characteristics of
the dispersion of exhaled flow under two ventilation principles, namely mixing
ventilation (MV) and displacement ventilation (DV). Analogizing the steady free jet,
the centerline velocity and centerline concentration in the pulsating exhaled flow are
devised and are further used to explore the influences of the two ventilation principles.
In addition to assessing the exhaled flow with MV and DV, the inhaled air quality is
also evaluated considering the interactions of human thermal boundary layer with
personalized airflow.

Three different tools that are commonly used for human breathing assessment are
applied and compared here:

- the computer simulated person (CSP)
- breathing thermal manikin (BTM)
- human subjects

The simulations with the CSP are compared with the measurements with the BTM,
and the breathing from the BTM is then assessed with that from human subjects. This
is done to examine to what extent the tools, such as the CSP and the BTM, can mimic
real human breathing. The deviations and reasons are analyzed, which is important
for accuracy improvement by simulations.

To better understand real human breathing process, characterizations are further
performed on human subjects with the aid of schlieren imaging technique.

Two different velocities for breathing assessment are applied in this thesis, which are
the centerline velocity um and the propagation velocity u,. The differences between
these two velocities are discussed at the end of this thesis.
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DANSK RESUME

Menneskelig vejrtraskning kan veere en potentiel kilde til luftb&en spredning af
sygdomme. En praecis beregning af infektionszoner og spredningsruter for ud&ndet
luftoden smitte kan hjelpe til at identificere og udfere kontrolstrategier.
Afhandlingen fokuserer p&bestemmelsen af menneskelig vejrtraekning og dennes
interaktion med ventilationen i lokalet.

Ventilationen i et lokale, termisk stremning omkring kroppen og menneskelig
vejrtraekning  interagerer med hinanden og skaber mulige komplekse
spredningsmenstre og p&virker indandingens luftkvalitet for personerne i lokalet.
Afhandlingen sammenligner de forskellige stremningsmenstre for ud&nding ved de to
luftfordelingsprincipper, nemlig opblandingsventilation (MV) og
fortreengningsventilation (DV). Stremningsforholdene er analyseret ved at
sammenligne med jet-stremning og ved at fokusere pd& lufthastigheden og
koncentrationen i centerlinjen i den pulserende ud&ndingsstremning. Resultaterne er
endvidere brugt til at undersgge indflydelsen fra de to ventilationsprincipper. Ud over
at analysere ud&ndingsstremningen ved MV og DV er der ogsaset paden indéndede
luftkvalitets p&virkning af det menneskelige termiske graenselag med et personligt
ventilationssystem.

Tre forskellige veerktger er ofte brugt til at studere og sammenligne human
vejrtrakning, nemlig:

. En computersimuleret person (CSP)
. En termisk manikin med vejrtrekningsfunktion (BTM)
. Forsagspersoner

Simuleringer med CSP er sammenlignet med mdinger med BTMs andingsmensteret
og de er derefter sammenlignet med personers &ndingsmenstre. Dette er udfert for at
vurdere i hvor hg grad verktger som CSP og BTM kan gengive reelle
vejrtraekningsmenstre. Afvigelser og &sager til afvigelser analyseres, hvilket er
vigtigt for at opn&gode simuleringer af vejrtraekningsprocessen.

For at opnd&en endnu bedre forst&lse af vejrtreekningsprocessen er der ydermere
udfert forseag med personer ved hjeelp af Schlieren-teknologien.

Der er anvendt to forskellige indfaldsvinkler til forst&else af vejrtraskningsprocessen
i denne afhandling, nemlig: den maksimale centerlinjehastighed um og
udbredelseshastigheden up. De to hastigheder beskrives i slutningen af afhandlingen.
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NOMENCLATURE

a Characteristic coefficient

ao Mouth area (m?)

Ar Archimedes number

b characteristic coefficient

Co Mean concentration of tracer gas at the mouth (ppm)

Ca Mean concentration of tracer gas in the ambient air in the room (ppm)

Chz Mean concentration of tracer gas in inhalation or at a point in the
breathing zone (ppm)

Cov Mean concentration of tracer gas at the nozzle exit (ppm)

Cr Mean concentration of tracer gas in the exhaust of the room (ppm)

Cx Mean concentration of tracer gas at centerline with a horizontal
distance of x (ppm)

d Propagation distance or relative distance between the nozzle and the
nose (m)

g Gravitational acceleration (m/s?)

Slope for the linear fitting

Ke Characteristic constants for concentration decay
Ky Characteristic constants for velocity decay
L Feature length (m)
Characteristic coefficient
Ny Characteristic velocity exponent
Ny Characteristic concentration exponent
Pr Prandtl number
Ra Rayleigh number
t Time step size (s)
Ta Ambient air temperature (C)

Texh Exhaled air temperature (<C)
u(x,y) Mean peak velocity at certain point (x,y) (m/s)
u(x,y,t)  Instantaneous velocity measured at point (x,y) (m/s)

Up Initial velocity of exhalation (m/s)
Up Mean resultant velocity (m/s)
Um Maximum velocity at the centerline (m/s)

Um Standard deviation of peak velocities (m/s)
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Up Propagation velocity (m/s)

Ux Mean velocity along the x axis

Uy Mean velocity along the y axis

X Horizontal distance (m)

y Vertical height (m)

& Air quality index

a Thermal diffusivity (m35)
Expansivity (K1)

0 Half width of the exhaled flow to the location of un/2 (m)

Ad Propagation distance over At (m)

AT Temperature difference (K)

At Time interval (s)

n Dimensionless height y/d

e Dimensionless concentration

Abbreviations

ACR Air change rate (h)

BF Breathing frequency (mint)
BMV Breathing minute volume (I/min)

BSA Body surface area (m?)
BTM Breathing thermal manikin

BZ Breathing zone

CSpP Computer simulated person
DV Displacement ventilation
MV Mixing ventilation

PV Personalized ventilation
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CHAPTER 1. INTRODUCTION

This chapter provides a brief overview of the breathing related issues in indoor
environment. The goals are to highlight the importance of this research, summarize
the existing tools to mimic and evaluate human breathing, and point out the remaining
work to be accomplished.

1.1. RESEARCH BACKGROUND

Exposure of human beings to different airborne pathogens has resulted in the
emergence of epidemics of respiratory infections (Shrivastava et al., 2013). The
airborne infection diseases have resulted in heavy burden to the world. Dye et al.
(1999) evaluated 1.87 million deaths caused by tuberculosis infection in about 22
countries. The outbreak of HIN1 in April 2009 in Mexico quickly spread countries
worldwide, causing over 18,000 deaths (WHO, 2010). The social and economic losses
because of the epidemics of airborne infections are inestimable and endless. It is very
important to find ways to control the disease transmission to rim down the deaths.
Accurate prediction of the infection prone zones and spreading routes of the diseases
can aid in identifying and implementing the control strategies.

1.2. RESPIRATION

The goal of the present work is to characterize the dynamic process of human
breathing and its interaction with room ventilation. In this section, a brief introduction
of human respiratory system, droplets in exhaled air and the breathing patterns among
humans will be presented. Then the major influencing factors on the transport and
dispersion of exhaled air will be summarized and discussed.

1.2.1. HUMAN RESPIRATORY SYSTEM
Human respiratory system is a complex biological system, consisting of specific

organs and structures, as shown in Figure 1.1. The anatomical features of human
respiratory system include trachea, bronchi, bronchioles, lungs, and diaphragm.

15
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Pharynx
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Figure 1.1 Schematic view of human respiratory system (from Wikipedia, the free
encyclopedia).

Although the respiratory system contains many defending mechanisms to prevent
pathogens from entering the body, if the respiratory tract is constantly exposed to
microbes, infection may occur. Evidences have demonstrated associations between
disease transmission and pathogen contact through human respiratory routes (Badeau
et al., 2002).

Human respiratory behaviors are the physiological pulmonary functions, including
breathing, talking, coughing, sneezing and so on. In present work, special attention is
given to one of these important respiratory behaviors — breathing. However, the
exhalation airflow from breathing is a common but poorly-understood phenomenon.
One research respective of this study is to investigate the exhalation airflow as one
featuring characteristic of the infected source.

The transport of pathogen from one to another have many routes. The routes dictates
the control methods, i.e. the long-range airborne route is controlled by the dilution by
the room ventilation. However, when the mutual distance between people is small, the
short-range airborne route exists (Liu et al., 2016). The efficiency of the room
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CHAPTER 1. INTRODUCTION

ventilation to minimize the direct exposure of the expiratory droplet nuclei is in
question, since the transport can happen fast. Therefore, it is crucial to investigate the
expiratory airflow that carries the pathogens from the infected. Among all respiratory
activities, human breathing releases the least droplets per exhalation, but the most
during a long and continuous exposure period (Fairchild and Stamper, 1987; Papineni
and Rosenthal, 1997).

1.2.2. COMPOSITION OF EXHALED BREATH

Our current understanding of human breathing will be treated in more details in this
section. The air we inspired and expired respectively is typically composed by the
gases listed in Table 1.1.

Table 1.1 Volume composition of inhaled air and exhaled air (West, 1994).

Inhaled air Exhaled air

nitrogen 78.04% nitrogen 78.04%

oxygen 21% oxygen 13.6%~16%

argon 0.96% carbon dioxide 4%~5.3%
argon and other gases 1%

Except for the gases, the expiratory droplets are released during breathing, talking,
coughing and sneezing. The droplets from contagious individuals may contain
infectious microorganisms. Droplet infection is an important pathway of disease
transmission.

Larger droplets may rapidly settle out of the air due to gravity force, contributing to
short distance infection (Gold and Nankervis, 1989) and he critical size causing
droplet deposition is still in discussion (Xie et al. 2007, Liu et al. 2016 and Wei et al.
2016). Smaller droplets normally referring to droplets smaller than 5 um, may remain
suspended in the air and transport for meters (McCluskey et al., 1996). Evidences
have shown that respirable particles carrying infectious virus are not only produced
by coughing or sneezing, but may also be found in breathing alone (Fabian et al., 2008;
Huynh et al., 2008; Stelzer-Braid et al., 2009).

There are numerous studies covering the issues of droplet particle sizes, evaporation
time of the moist coatings, transmission distances, potential infectious doses, and the
influence of environmental factors on droplet transport (Papineni and Rosenthal, 1997;
Qian et al., 2006; Lai and Cheng, 2007; Xie et al., 2007; Chao et al., 2008; Chao et
al., 2009; Mui et al., 2009; Morawska et al., 2009; Chen and Zhao, et al. 2010).
Although the exact underlying mechanism of respiratory droplet infection is still not
fully understood, it is vital to know exactly how the expiratory aerosols disperse
indoors because the close relevance to human health.

17



CHARACTERIZING HUMAN BREATHING AND ITS INTERACTIONS WITH ROOM VENTILATION

The measurement and monitoring of airflow patterns is commonly considered as one
indicator of the potential for aerosol and airborne transmission of infection. This PhD
project is aimed to investigate the methods of measuring, visualizing and quantify
exhalation airflow patterns, which can aid in infection control and biosafety guideline
setups.

1.2.3. BREATHING PATTERNS IN HUMANS

Human breathing is a kind of rhythmic activity. Generally speaking, the breathing of
a simulated person (manikin, computer-simulated person) is often treated as a fixed
pattern with one breathing frequency and constant amplitude of each respiratory cycle.
One measured example in Figure 1.2 shows the variation of respiratory airflow has an
approximate sinusoidal shape (Gupta et al., 2010).

0.6

o
>

o

N
=
S

-0.2 ¢

Flow rate (I/s)
o

S o
o B

Time (s)

Figure 1.2 Pulmonary ventilation of a human volunteer (Gupta et al., 2010).

However, it should be noted that simplified pattern for simulation purpose is not the
real condition for humans. Human breathing is observed with significant diversity
between individuals. On the other hand, some literatures (Bachy et al., 1986; Eisele et
al., 1992) have reported that the similarity of the flow shape in terms of individual.
Then a questions is proposed here: can the simplified model simulate human breathing
to a satisfying degree? To answer this question, data obtained from real persons is
needed. Meanwhile the characteristics of human breathing should be exactly known.

Breathing frequency and volume

Hutchinson (1850) obtained the breathing frequency of 1714 adult subjects, by means
of observation rather than any measuring devices. This study appears to be the most
extensive one so far. It shows that the breathing frequency varies over a wide range,
from 6 to 31 min? at rest. Adams (1993) measured the volume rate of air inhaled in
different types of activities both in laboratory and in field protocols (160 subjects). It
was aimed to simply the task of predicting the average value of inhaled volume rate.
Values of both the breathing frequency and the volume rate of inhaled air show
significant dependency on activities, genders, ages and other variables (Adams, 1993).
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For engineering application convenience, ASHRAE (2009) estimates the typical
metabolic heat generation rate for various specific activities. Combined the results
obtained by Adams (1993) and ASHRAE (2009), a linear relationship between the
breathing frequency and the metabolic rate or between the minute volume and the
metabolic rate can be found, as shown in Figure 1.3.

25 T
Female Male
20 + 30 y=
L
L s}
2 T g 20 + 576
& g > . <0.4675
10 + ¥ = 7.9206x - 0.6389 -
2 RZ09046 o R==0.9994
m 10 +
ST ©BMV vs. Met ©BMV vs. Met
A Bf vs. Met A Bfvs. Met
0 f f ! 0 , ,
0 1 2 3 0 2
Metablic rate (met) Metabolic rate (met)

Figure 1.3 Linear fitting of breathing minute volume (BMV) and breathing frequency (BF)
with metabolic rate.

Flow profiles

The flow profiles show relative stable characteristics for an individual. Bachy et al.
(1986) measured the breathing airflow of human subjects at rest, analyzed the
respiratory signals obtained from the pneumotachogram and reported that there was
similarity of breath cycle shape in one subject and dissimilarity between different
subjects. Some works tried to assume an identical flow shape as an optimal pattern of
breathing in non-dimensional form. But Eisele et al. (1992) suggested that “the
individuality of breathing patterns is a concept rather than a fixed pattern: each
individual has his own way of breathing in any one condition...”. Results show that
individuality of flow shape changed between at rest and during exercise and a
diversity of breathing patterns can be observed in both activities (Eisele et al., 1992).

Breath-to-breath variations

Priban (1963) demonstrated that the breath-to-breath fluctuations of the variables in
respiratory cycles were not purely random. This non random nature of respiratory
fluctuations was further confirmed by subsequent studies with time-series and statistic
analyses. One of the autocorrelation models (Benchetrit, 2000) is presented here:

Xy — X =a(Xpq—X)+&, 1.1)
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where, X is the mean value of a respiratory variable, e.g. inspiratory or expiratory time,
tidal volume; a is a constant; and ¢, is the disturbance. It means the breathing cycle
is adjusted according to the former one, producing a certain pattern of breathing. The
auto-adaptive characteristics in breathing sequence might be a self-optimizing
behavior to keep the performance of respiratory system at its minimum (Priban and
Fincham, 1965).

To summarize, there exists diversity in the breathing pattern of humans, in terms of
breathing frequency, volume rate and flow shapes. Simultaneously, the breathing of
one individual appears to be relatively stable in several conditions and has his own
pattern of breathing. Hence, it is difficult to reproduce the breathing of every
individual for experiment or simulation purpose with respect to the diversity and
individuality, and one possible way to fulfill the purpose is to use one particular
breathing pattern with the average characteristics of overall people.

1.2.4. INFLUENCING FACTORS

The complexity of the dispersion of the airflow from human breathing indoors is not
only due to the diversity among individuals, but also due to multiple factors affecting
it. These influencing factors can be summarized in two broad terms: human factors
(e.g. metabolic levels) and room conditions (e.g. ventilation, ambient temperature,
humidity, turbulence and so on).Table 1.2 gives some relevant findings of these
influencing factors. It can be expected that the interactions among these factors add
complexity to the dispersion of exhaled air.

Two of these factors: ventilation strategies and metabolic levels are emphasized in
this thesis. Some literatures have reported that airflow pattern is the most significant
parameter influencing contaminant transport in indoor environment (He et al., 2005;
Lai et al., 2007; Chao et al., 2008). Two ventilation schemes being widely used in
public buildings are chosen and investigated in this thesis, which are mixing
ventilation and displacement ventilation. Personalized ventilation is also considered
in this thesis in terms of its interaction with body plume and its impact on inhaled air
quality. The metabolic levels are closely related to the breathing volume rate and heat
release from bodies, which should also be of concern in terms of simulations.
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CHAPTER 1. INTRODUCTION

Table 1.2 Findings of relevant influencing factors.

Factors Tools Studies and findings

Metabolic The metabolic levels may indirectly affect the

transport of exhaled contaminant by means of

levels - L

influencing:
\ v' breathing frequency
v/ the initial velocity of exhalation
v' the temperature of human body
v the intensity of thermal plume around a person
Ventilation Different ventilation patterns may influence:
strategies . v' The dispersion and mixing of exhaled droplets
Csp with ambient air and overall contaminant
distribution indoors (Mui et al., 2009; ).
Manikin v' The trajectories of exhaled air and droplets with
different diameters (Qian et al., 2006; Olmedo et
al., 2012).
CSP v/ The intake exposure level for a receive person
&Manikin& when facing to an infected person or a
Panel contaminant source (He et al., 2011; Olmedo et
al., 2012; Brohus, 1997).
Manikin v' Velocity of thermal plume above a person’s head

Temperature Panel v' Ambient air temperature affects the exhaled
temperature from mouth or nose (Hoppe, 1981).

v' Temperature affects droplet evaporating but the
cspP influence on dispersion trajectory can be
neglected (Chen and Zhao, 2010).

Relative CSP v' Relative humidity affects the evaporation of

humidity droplets directly, but the influence can be
neglected when the initial diameter of droplets is
<200 pm (Chen and Zhao, 2010).

Turbulence Manikin v The turbulence intensity in the breathing zone is
expected to be larger than other parts of the
room: Cermak et al. (2002) — 35%; Xia et al.
(2000) — 40%; Marr et al. (2005) — 130%.

Manikin v' Physical movement increases the turbulence
& CSP mixing in a room and decreases the protective
effect of boundary layer around a person. (Bjern
and Nielsen, 2002)
Other factors Other possible factors:
\ Droplet size

Scales of breathing organs
Dimension of the room
Obstacles in rooms

SNENENENEN

& CSP=computer-simulated person.
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1.3. TOOLS FOR EVALUATING HUMAN BREATHING

From Table 1.2, it can also be seen that there are mainly three tools commonly used
for breathing assessment. They are:

v' computer simulated persons (CSPs)
v' breathing thermal manikins (BTMs)
v" human subjects

This section will present some former applications of the three tools. In the following
chapters, a CSP, a BTM and human subjects will be considered for breathing
assessment.

For comparison, advantages and disadvantages of these three tools in practical
application are listed in Table 1.3.

Table 1.3 Overview of the advantages and disadvantages of the three tools for human breathing
studies.

Tools Advantages Disadvantages

CSPs \ Fast and cost-efficient. « It may induce false or inaccurate
V It can provide detailed results due to improper handling with

information on flow field or heat | (€ Problem (Nielsen, 2004).
transfer that might be difficult to | ¢ Limited by computer power.
measure through experiments.

BTMs v Quick, accurate and repeatable * Expensive instrument with delicate
(Holmé, 2004). design.
\ Provide valuable results for « It can be standard person but ignores
CFD comparison. the diversity of people.

v It can act as a substitute of
human to perform toxic or
hazardous test.

Human  Realistic subjects and situations | * Safety is all-important. Techniques in
volunteers connection with high intensity lasers,
irritant or toxic gases or particulates
are not applicable (Tang et al. 2011).

* Highly variable results, depending on
physical and psychological factors.

CSPs

With the development of computer resources, numerical models are developed to
simulate thermal manikins and their interaction with indoor environment. A CSP may
be a three-dimensional model, with simple or lifelike geometry with human, and used
in different occasions, i.e., offices, homes, public buildings or vehicles etc.
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Due to the complex interaction of human exhaled flow with ventilation, thermal plume
around the body and physical activities, the application of CSPs can potentially
provide some insight of the interaction mechanism. The advantage of using a CSP to
predict the influence of a person indoors is evident, which is low cost and fast, but the
accuracy of the simulated results should be validated with experimental data obtained
from BTM or human subjects.

BTMs

A BTM is constructed with breathing and heating functions to simulate the breathing
process and thermal properties of a person. Manikins were originally developed to
provide accurate information on clothing insulation properties and heat transfer
between human body and the environment (Tanabe et al., 1994 and Madsen, 1999).
The increasing use of manikins in indoor climate research has led to the development
of a manikin with breathing functions (Bjarn, 1999).

To evaluate the roles of a person as well as the breathing in indoor climate, various
types of manikins have been manufactured. The human-shaped manikin is a kind of
expensive and delicate instrument, and at the same time a powerful tool with useful
features for indoor climate evaluation. The typical fields that apply the BTMs are
listed below. These manikins are generally employed to predict or evaluate:

indoor air quality

cross-infection risk

thermal comfort

heat transfer properties of the body through convection, radiation or sweating
flow characteristics around the body

clothing insulation coefficients

etc.

ASNANENENENENRN

In addition, some otherwise hazardous methods to humans can be applied to these
BTMs, including:

gas or particle tracing approaches

smoke visualization

Particle Image Velocimetry (PI1V)

Laser Doppler Anemometry (LDA) or Phase Doppler Anemometry (PDA)

AN NI NN

Holmé& (2004) expected two directions of the advancement of the manikins. One is
towards more delicate and complex construction, to be as realistic as a real person.
The improvements include realistic movement, sweating and respiratory system, or
auto thermal regulation setup. Another trend is towards simple, yet accurate and
reliable manikins that are inexpensive. No matter how complex or how simple a
thermal manikin model is, there is one goal both directions should reach, which is to
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simulate human behavior more accurately and reliably. To realize this goal, accurate
information obtained from human subjects is necessary.

Human volunteers

Compared with substantial information on human breathing provided by using CSPs
or BTMs, there exists only a few published papers (Gupta et al., 2010; Tang et al.,
2011; Tang et al., 2013; Kwon et al., 2012) about actual human breathing. Main
difficulties for human experimentation can be drawn from Table 1.3.

One difficulty is the diversity among individuals and not very stable characteristics of
human breathing (Chapter 1.2.3), resulting in variable results and sometimes difficult
generalization. What is more, the strict safety requirements for human
experimentation limit the use of instruments or approaches that are hazardous to
human beings. Hence, most researchers prefer the human-like models (BTMs or CSPs)
to provide valuable information on human breathing.

However, differences between the simulated results and the reality remain a question.
Accurate data obtained from human subjects is needed. The use of human volunteers
adds an additional realism to the results and is possible to enhance our understanding
of the behavior of human exhaled airflow.

1.4. AIMS AND SCOPE

Mixing | A Displacement
ventilation ' | ventilation
I 11

Thermal plume

e

3 | Exhalation ™ I

e i

esomrasse

Inhildiion  Personalized
ventilation
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Ventilation
strategies

Interactions

Exhalation Body plume

Figure 1.4 Overview of the research scope and aspects of this thesis.

The aim of the present work is to characterize human breathing and its interactions
with room ventilation. Figure 1.4 shows the research scope of this thesis. The pairwise
correlations and interactions among the three factors: ventilation strategies, breathing
and human body plume, will be investigated. It is aimed to gain more knowledge of
the influences of ventilation principles and body plume on human breathing. Three
conventional ventilation strategies: mixing ventilation (MV), displacement ventilation
(DV) and personalized ventilation (PV), are introduced and applied to study their
direct impacts on human exhalation or their indirect impact by influencing the
development of thermal plume around body which then interacts with human
breathing.

Three kinds of tools: a BTM, a CSP and human subjects, are considered in this study.

Special focus is given to human experiments regarding its importance and the
relatively less information on real human breathing.
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This chapter briefly introduces the tools and ventilation principles applied in this
thesis. The methodologies and facilities used during experiments and numerical
simulations will also be illustrated.

2.1. TOOLS FOR BREATHING ASSESSMENTS

2.1.1. BREATHING THERMAL MANIKIN

The breathing thermal manikin (BTM) was constructed to mimic an averaged female
subject for full-scale experiments. Figure 2.1 shows the geometry of the BTM, which
has a simplified body shape and is designed as close as possible to a real woman
(Bjan, 1999). The BTM has a body surface area (BSA) of 1.44 m? and a height of
1.68 m. The facial part is also composed of simple geometrical shapes, with a semi-
ellipsoid mouth opening (120 mm?) and two cylindrical nostrils (diameter 12 mm).

The manikin’s hollow aluminum shell can be heated by heating wires uniformly
distributed inside it. Two fans, forcing the internal air to circulate, aids in creating an
even temperature distribution. For this study, two metabolic rates are considered:1.2
met and 2 met, which can be translated to 70 W/m? and 115 W/m? heat output
according to ASHRAE (2009). As the aluminum-shelled manikin has no sweating
function, only sensitive heat through convection and radiation is applied. Table 2.1
gives the percentage of the two kinds of heat occupied in total metabolic heat (Stampe,
1982).

Breathing frequency and pulmonary ventilation of the manikin can be regulated by
connecting it to a mechanical lung. Figure 2.1(b) simply shows the connection. Two
cylinder rubber tubes, responsible for exhalation and inhalation respectively, are
connected to the mouth/nose by one side and to the artificial lung by the other side to
create respiration from mouth/nose. One heating pipe mounted on the tube for
exhalation can regulate the exhaled air temperature. Table 2.2 summarized the setup
for breathing with the three different ventilation strategies.

Nitrogen oxide (N2O) is used as tracer gas, representing the component of CO; in
exhaled air. The density of the dry exhaled air from the BTM with 4 vol.% NO is
corrected to simulate the same density as ideal saturated air with water vapor in
exhalation (Bjern, 1999).
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Figure 2.1 (a) Picture of the manikin. (b) Connection to the artificial lung, heating pipe and

heating control devices.

Table 2.1 Percentage of convective and radiative heat released from the manikin’s body

(Stampe, 1982).

Metabolic level | Convection Radiation Evaporation (by
sweating and
respiration)

1.2 met 35% 34% 31%

2 met 31% 30% 39%
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Table 2.2 Respiration of the BTM with MV, DV and PV.

MV & DV PV
Breathing frequency 16 min! 10 min!
(Admas 1993) (1.2 met, standing) | (1.2 met, sedentary)
19 min!
(2 met, standing)
Minute volume 8.8 I/min 6 1/min
(Admas 1993) (1.2 met, standing) | (1.2 met, sedentary)
15.2 I/min
(2 met, standing)
Exhaled air temperature | 33.0 C Not considered.
N20 4 % (by volume)

2.1.2. COMPUTER SIMULATED PERSON
Geometry

The geometry of the computer simulated person (CSP) is shown in Figure 2.2. This
model is built mostly in accordance with the BTM shown in Figure 2.2. Slight changes
are made at the head, shoulder and feet for the convenience of modelling. The BSA
of the CSP is 1.63 m2. The mouth is simplified as a circular shape with an area of 113
mm?. Only mouth breathing is considered for the CSP. The mesh is refined at the
mouth opening and on the body surface. Refined tetrahedral cells are used around the
CSP and hexahedral cells are used in the rest of the room. The minimum size of the
mouth cells is 1.2 mm. The y+ in the wall-adjacent cells is approximately 30. Standard
wall function is generally applicable when the y+ of the first cell center adjacent to
the wall is larger than 30 (ANSYS FLUENT User’s guide, 2010) and it is therefore
adopted in this thesis. Grid independence is achieved at 0.85 million mesh elements
as a further increase to 10.2 million mesh elements causes negligible changes in
exhaled air velocity and concentration profiles.

Equations

The purpose of this model is to create a tool for evaluating the accuracy of simulation
of human breathing by means of CFD. To solve the unsteady and non-isothermal
problem, combined with the consideration of species component of CO; in exhaled
air, four conservation equations should be solved, which are continuity, momentum,
energy and species transport equations. All the equations are discretized with second
order upwind. The effect of radiation is included by using the S2S radiation model.
The RNG k-¢ is chosen for RANS turbulence modelling due to its good performance
of airflow and contaminant distributions indoor (Srebrica, et al. 2008). SIMPLEC
scheme is used to solve the velocity-pressure coupling.

Software
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A commercial CFD code Fluent (Ansys 2010) is used to compute the flow dynamics
around the CSP and exhalation and inhalation characteristics with MV and DV.

Figure 2.2 The CSP used to simulate the BTM. Left: front view of the CSP and grid layout on
the surface. Right: side view of the CSP.

2.1.3. HUMAN VOLUNTEERS

Two groups of young adults are instructed to participate in different experiments. All
experiments on human subjects are performed in case of fully mixed ventilation. Table
2.3 presents the basic information of two group subjects as well as the corresponding

experiments conducted on them.

Table 2.3 Basic information and experiments performed on the two groups of human subjects.

v Lying

Group 1 Group 2
Gender Male Female Male Female
Subject no. 15 8 8 10
Age 26.1(23.0-35.0) | 27.4(21.0-33.0) | 29(22-33) 28(26-29)
Weight (kg) 71.8(52.9-95.0) | 53.3(46.0-70.4) | 69.7(62.0-75.1) | 52.9(47.2-64.1)
Height (m) 1.76(1.60-1.86) | 1.65(1.58-1.71) | 1.74(1.64-1.81) | 1.63(1.55-1.72)
BSA (m?) 1.87(1.57-2.20) | 1.56(1.44-1.82) | 1.83(1.73-1.92) | 1.55(1.49-1.71)
(Du Bois
1989)
Experiment v' Velocity profile description v Schlieren imaging test
types (show_n in Figure 2.3) (show_n in Figure 2.4)

v' Velocity decay assessment v' Velocity decay assessment

(shown in Figure 2.3) (shown in Figure 2.3)

v' Concentration decay

Postures v' Standing v/ Standing
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Breathing v' Mouth only (with nose chip) | v Mouth only (with nose clip)
pattern v" Nose in and mouth out v" Nose in and mouth out
v" Nose only

Figure 2.3 Photo of one female subject taking velocity measurement. Probes for testing
temperature, velocity and gas concentration can be installed on the robot arm and be carried
along horizontal and vertical directions. This female subject is selected from Group 1 in Table
2.3.

(@) (b)
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Figure 2.4 Schlieren images of one male subject included in Group 2 (Table 2.3) with mouth
breathing. (a) standing- side view, (b) lying- side view and (c) lying-front view.

Experiments conducted on subjects of Group 1 are used to validate the simulated
breathing by the BTM and CSP. Thereby, all the setups of the human experiment keep
in consistent with those of the BTM (Figure 2.3). Experiments for Group 2 are aimed
to provide further information on human breathing characterization, which are
realized by means of schlieren imaging technique (Figure 2.4).

2.1.4. COMPARISONS AMONG THE THREE TOOLS

A direct comparison of the physiological parameters among the three tools is given in
Table 2.4. The CSP model is built according to the BTM and the BTM is constructed
in accordance with a life-size women (Bjern, 1999). To exactly mimic the breathing
behavior of human, the physiological parameters of the BTM are set with great
likeness to those of real persons.

In this section, comparisons in terms of geometry, breathing function and metabolism
are conducted among the three tools, which are summarized in Table 2.4.
Comparisons are made on the basis of merely standing posture with a metabolic rate
of about 1.2 met under MV or/and DV.

It can be seen from Table 2.4 that all the parameters of the manikin and the CSP are
set with approximate likeness to a real person to create lifelike conditions as far as
possible. Accurate configuration of the manikin or the CSP is the first step to simulate
human breathing behavior accurately. Chapter 4 will further discuss the results
obtained with the three tools.

Table 2.4 Comparison of physiological parameters among the BTM, the CSP and human
subjects (Group 1).

Parameter BTM CSP Male subjects Female subjects

Posture  [Standing Standing Standing. All subjects are instructed to
stand with their heads supported by a fixed
bar to avoid movement during experiments.

Ventilation|MV&DV MV&DV MV MV

principle

Height (m) |1.72 1.72 1.75(1.60-1.86) 1.65(1.58-1.71)

Weight |\ \ 71.8(52.9-95.0) 53.3(46.0-70.4)

(kg)

Age \ \ 26(23-35) 27(21-33)

(years)

BSA (m?) |1.47 1.63 1.87(1.57-2.20) 1.56(1.44-1.82)

BF (mint) |16 16 14.6(7-20) 16.3(10-22)
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BMV
(I/min)

8.8

8.8

9.87(8.21-11.48)

7.22(6.67-8.45)
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Table 2.4 continued .

Parameter [BTM CSP Male subjects Female subjects
Mouth 1.23 1.13 1.240.52 1.1640.67
area(cm?)
Nose area  |0.56 \ 0.7140.23 0.5640.10
(cm?)
Breathing Circular mouth |Angles obtained from human subjects
direction opening with (Gupta et al. 2010) :
horizontal
direction
Om= 6046 D= 69248
0= 234 ° ®s=21H0°
r 01+02,=30°
Wavefor 0.6
m = 0.4
= 2 = 02
= s 0
E; 0 é -0.2 6
-2 % 0.4
-0.6
-4 Time (s)
The velocity from the manikin’s | (Gupta et al. 2010)
mouth is always positive due to the
use of a hot sphere anemometer that
cannot measure the direction of
velocity.
Metabolic 1.2 met (see 1.2 met (in line [Not measured. Standing relaxed for more
rate Table 2.1) with the BTM) |than 10 minutes before experiments.
Breathing v' Mouth only | v Mouth See Table 2.3 Group 1.
patterns v Nose in and breathing
mouth out. only
Exhaled air | 34 T 325 < Mean 33.8 € Range 32-36 <C
temperature
Exhaled air | Air + 4 vol.% Air + 4 vol. % |Saturated moist air.
component | N20, CO2
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2.2. VENTILATION SETUPS

2.2.1. MIXING VENTILATION AND DISPLACEMENT VENTILATION
Experiment

Experiments with MV and DV are performed in a full-scaled test chamber shown in
Figure 2.5. The chamber consists of plenums to the ceiling and to the floor. Cold and
fresh air (about 17 <C) enters the plenum, passes through hundreds of small holes
(diameter of 10 mm) uniformly distributed in the ceiling (MV) or the floor (DV) and
circulates in the room. The small holes are used to distribute air uniformly. Ventilation
patterns can be altered between flow typical for MV to flow typical for DV by
switching the combinations of the inlet and outlet shown in Figure 2.5.

The temperature gradient along vertical height can be expected to be basically uniform
with MV and to increase with the height with DV. To create a relatively uniform
temperature gradient, dT/dy, two radiators (R1 of 350 W and R2 of 40 W) are mounted
on the wall for DV. The air change rate (ACR) is 7.5 h"* with MV. For DV, as the heat
loads in the chamber are increased by applying the two radiators, the ACR is increased
to 10 h't. The reason for the application of a large ACR in present study is to create a
relatively large temperature gradient for DV. The temperature differences between the
exhaled air and the ambient room air will also be raised by increasing ACR, yielding
a larger Archimedes number as given in the following equation (Olmedo et al., 2012).
The trajectory of the non-isothermal exhaled flow will be more significantly affected
by both higher temperature gradient and larger Ar (Liu, et al., 2009b).

_ ﬁg(Texh - Ta)\/a_o

2
Up

Ar

1)

where 8, g, Texn, Ta, @0 and U are volume expansivity (K1), gravity acceleration
(m/s?), exhaled temperature (<T), ambient air temperature (<T), mouth area (m?),
and maximum velocity of exhalation (m/s).

Simulation

In order to validate the simulated results with the CSP (shown Figure 2.2), the same
layout and geometry of the simulated chamber (see Figure 2.6) as the test one (see
Figure 2.5) is used. Ventilation is simulated by considering the floor/ceiling as a whole
opening for supplied or exhausted air. Boundary conditions are set in accordance with
experiments. Details about the boundary conditions are reported in Table 2.5.
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Figure 2.5 (a) Picture of the test chamber insulated by plastic foam board with a thickness of
10 cm. (b) Sketch of the test chamber. (c) Picture of the inner layout of the test chamber. (d)
and (e) Sketches of the inner layout from side and top view, respectively. The ventilation
patterns can be switched between MV case and DV case. R1 and R2 are two radiators, M is the
manikin, L1, L2 and L3 are three poles with thermocouples, RA is the robot arm, and P is the
testing probe that is calibrated before experiments. A coordinate with x and y axis is built from
the manikin’s mouth.
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Figure 2.6 Setup of the test room with the CSP.

Radiator 2 - |

Table 2.5 Boundary settings of the simulated room with the CSP.

MV

DV

Ventilation

Whole floor in and whole ceiling out
Ceiling: mass flow inlet

Flow rate=4.88 kg/s air=7.5 h"* ACR
Floor: pressure outlet

Supplied air temp. 21.5 C
Turbulence intensity of supplied air
1=2%

Whole floor in and whole ceiling out
Floor: mass flow inlet

Flow rate=6.51 kg/s air=10 h"* ACR
Ceiling: pressure outlet

Supplied air temp. 19 T

Turbulence intensity of supplied air
1=2%

Radiator

Radiator 1 -0 W
Radiator 2 -0 W

Radiator 1 - 623.7 W/m? (350 W)
Radiator 2 -71 W/m? (40 W)

CSP

Exhaled air flow rate=4.7>10-4 kg/s=8.8 I/min

Mass fraction of CO2=7.9 g/kg air
Exhaled air temp.=32.5 C
Breathing frequency=16 min!

Turbulence intensity of exhaled air 1=5%

Body surface temp.=27.6 <C

Chamber

Side wall —adiabatic

COs, is used as the tracer gas for the CSP with a volume fraction of 4%. The heat
release from the CSP is converted into constant body surface temperature of about
27.6 <T that is in line with the measured average body temperature. For transient
breathing, a UDF program is imported to describe the pulsating velocity at the mouth
opening with a sinus waveform. The time-step size for transient solution is set as 0.01
s. Full Buoyancy Effects is enabled in Fluent regarding the buoyancy effect on ¢ (RNG
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k-¢ model). Gas density is set up as a function of temperature using the Boussinesq
model.

2.2.2. PERSONALIZED VENTILATION

Measurements on PV are performed in a full-scale chamber equipped with diffuse
ceiling ventilation, as shown in Figures 2.7 and 2.8. More introductions of the test
chamber can be found in Zhang et al. (2015).
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Figure 2.7 Experimental set-up of the test chamber equipped with 1-diffuse ceiling and 2-
personalized ventilation. The 3-BTM is placed 0.12 m away from the front table edge, facing
to the nozzle. N20 is dosed with a constant volume fraction of 4% at 4 and sampled at six points
5 (solid dots). Units in mm.

The diffuse ceiling ventilation supplied 60.2 I/s of laboratory air to the chamber,
corresponding to an air change rate of 5.4. The velocity generated by mixing
ventilation, namely the diffuse ceiling ventilation, is below 0.06 m/s, except for local
velocity of around 0.13 m/s close to the ceiling. The temperature gradients along the
vertical height can be negligible. The averaged room air temperature is about 24 <C
during all experiments.

The PV system supplies outdoor air with a varying flow rate (1.5~4 I/s). The air
temperature from the nozzle opening varies from 22.6 <C to 23.2 <C.
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Figure 2.8 Relative position between the nozzle and the manikin. The centerline of the nozzle
(a diameter of 50.8 mm and a tube diameter of 83.0 mm) is pointing to the nose point Po which
is 10 mm away from the face. Velocities at PO, P1 and P2 were measured by the LDA. N20 in
inhaled air were measured in the tube connected to the artificial lung rather than at PO.

2.3. MEASURING FACILITIES AND METHODS
Table 2.6 summarizes the main measuring facilities applied in this thesis. Table 2.7

represents the application methods of the measurement facilities under MV/DV and
PV, respectively.
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Table 2.6 Measurement instruments and uncertainty.

Testing items Type Uncertainty

Type K thermocouples
Temperature (connected to Hellos data #.1 T

logger)

Dantec 54R50 Omni-
directional hot sphere +0.025 m/s
Velocity anemometer

Laser Doppler Anemometry

(LDA) +0.001 m/s

Multipoint sampler and doser
(INNOVA 1303)

i e +29
Tracer gas concentration Photoacoustic field gas +2%
monitor (INNOVA 1412)
SAFEX fog generator (for \

BTM)

Flow visualization

method Schlieren imaging technique

(for persons and personalized \
air)
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Table 2.7 Application of the measurement instruments with MV/DV and PV.

concentration

v Dosing position: added in
manikin’s exhalation with a
volume fraction of 4%

v Sampling positions: exhaled
air from the manikin along the
centerline (cx) and in the
exhaust (cr).

COz2 (human subjects):

v Sampling positions: exhaled
air from human subjects along
the centerline and probe
carried by the robot arm (cx)
and in the exhaust (cr).

Testing items | MV and DV PV
Temperature Position: Position:

v Three poles: L1, L2 and L3, v" Four poles equally distributed
equally mounted with eleven in the room to measure the
thermocouples for each vertical temperature
(shown in Figure 2.5). distribution (shown in Figure

v Six thin thermocouples 2.8).
respectively placed in the v" Manikin’s body surface.
mouth, the nostril, on the robot | v Supplied air from general
arm and on the body surface. ventilation and PV

v Supplied air and exhaust. respectively.

Velocity Dantec 54R50: LDA:

v’ Carried by a robot arm to v 2 Dimensional
different horizontal and v' Placed in the BZ at 10 mm
vertical distances within the away from the nose tip along
exhaled flow. a vertical transverse line near

v Acquisition frequency: 10 Hz. the manikin’s face (shown in

Figure 2.8).

v The mean resultant velocity,

Up, is obtained by composition

of ux and uy (mean velocity

along the x and y axis), which

can be expressed by:

up = ’uxz + uy?

Tracer gas N20 (manikin): N20 (manikin):

v Dosing position: added in
front of the nozzle with a
constant volume fraction of
4% and fully mixed with fresh
air from outdoor.

v Sampling positions: the N2O
concentration at the nozzle
exit (cpv), in the exhaust (ce),
and in inhalation or at a point
in the BZ (cbz).

Flow
visualization
method

Manikin:
v" Qil-based smoke added in
exhalation.

Human subjects:

v" Schlieren imaging technique
used for visualizing body
plume and exhaled air.

Manikin:

v" Schlieren imaging technique
used to visualize the nozzle jet
and its interactions with
thermal plume around body.
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CHAPTER 3. INTERACTIONS AMONG
ROOM VENTILATION, BODY PLUME
AND HUMAN BREATHING

This chapter will serve as an illustration on the interactions among the three factors
introduced in Figure 1.4, i.e. room ventilation, thermal plume around the body and
human breathing. For the displacement ventilation and the mixing ventilation, the
influences of ventilation principles and body plume on exhaled air dispersion will be
highlighted in order to examine the potential of human exhalation as contaminant
source. For personalized ventilation, the inhaled air quality will be focused in order to
evaluate the protection effect of personalized ventilation by considering its interaction
with thermal boundary layer around the body.

The main findings of this chapter are based on Papers [a], [b] and [e].

3.1. MIXING VENTILATION AND DISPLACEMENT VENTILATION

Mixing ventilation (MV) and displacement ventilation (DV) are conventionally used
ventilation principles in buildings. The dispersion of exhaled flow has been observed
with different characteristics under these two ventilation principles (Brohus and
Nielsen, 1996; Bjen and Nielsen, 2002; Qian et al., 2006 and Olmedo et al., 2012).

Four cases by combining the two metabolic levels (1.2 met and 2 met) with the two
ventilation patterns (MV and DV), are studied. Attempts will be made in this section
to reveal the dependence of dispersion of exhaled air on both MV and DV. As no
significant temperature differences are found at the three different locations of L1, L2
and L3 in Figure 2.5, the measured temperature at L1 is extracted and used to indicate
vertical temperature distribution in the test room, as shown in Figure 3.1. The vertical
temperature gradient, defined as dT/dy, is approximately 0 <T/m for MV due to its
fully mixing feature\, and it is about 1.5 T/m and 1.8 <T/m for DV 1.2 met case and
DV 2 met case, respectively. The larger gradient for the 2 met case is caused by higher
heat release from the manikin’s body.
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Figure 3.1 Temperature gradients along L1, L2 and L3 with MV and DV [a].

3.1.1. INTERACTION BETWEEN BODY PLUME AND INHALED AIR

The tracer gas (N2O) is expired through exhalation. When examining the inhaled air,
we find a portion of exhaled pollutants is re-inhaled from the front and lower part of
the manikin’s body. Hayashi (2002) also reported that the inhalation region is mainly
around human body and the highest percentage of inhaled air is from the front part of

the body.

3 T ——MV 1.2met
—=— MV 2met
——DV 1.2met B
——DV 2met
AZ T Q
E
£ 3
= !
[ !
0 - ! ! | =
0 1 c /CR 2 3

Figure 3.2 Measured N20 concentration, c, at the four different heights (thigh, chest, nose and
above head) around the manikin, divided by cr. N2O concentration at the exhaust. The ¢ and cr

are averaged concentration of tracer gas [a].
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Figure 3.2 shows that the c/cr in inhalation is enhanced for MV case compared to DV
case with the same metabolic rate. That is because the DV creates a clean zone at the
lower part of the room with c/crapproximate to zero and the inhaled air is partly drawn
from this zone by the rising thermal plume. When the metabolic rate increases, the
effect of thermal plume on inhaled air becomes more significant. It can be seen from
Figure 3.2 that c/cr is decreased with growing metabolic level. This can serve as
another proof that the majority of inhaled air is from the thermal plume around body.

3.1.2. INTERACTION BETWEEN BODY PLUME AND EXHALED AIR

Figure 3.3 Visualization of the smoke plume entering the exhaled flow. The smoke released at
the floor level is carried up to the facial part by the thermal convective flow around the manikin
and is expelled when the manikin exhales. No extra smoke is added to exhalation.

—6— Cold manikin+cold exhalation
—%— Cold manikin+heated exhalation
eated manikin+heated exhalation

Velocity (m/s)
w

X (cm)

Figure 3.4 Maximum velocity measured close to the mouth. Three conditions are considered:
both exhalation and manikin body are heated, corresponding to 1.2 met; only the exhalation is
heated; and no heat input for the manikin. Other factors of the manikin and its breathing keep
consistent with the settings for the manikin with MV 1.2 met case shown in Table 2.2.

The thermal stream around the body will not only enters inhaled air but can also be
entrained by exhaled flow. Smoke is released at the floor level and no extra smoke is
added to the exhalation, but it can be observed that the smoke stream appears in
exhalation flow as shown in Figure 3.3. This is caused by the collision of upward
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thermal plume layer with exhaled flow. The collision also causes velocity decrement
when the exhaled air penetrates the thermal boundary layer, see Figure 3.4. In Figure
3.4, the exhaled velocity decreases due to the presence of thermal plume around the
manikin and further decreases with heat added to exhalation.

3.1.3. INTERACTION BETWEEN VENTILATION AND EXHALED FLOW
DISPERSION

3.1.3.1 Stratification

Figure 3.5 shows the trajectory of exhaled flow for the four cases. As expected, the
exhaled flow at higher metabolic rate (2 met) with higher breathing frequency and
pulmonary ventilation rate can penetrate longer distance than that at lower metabolic
rate (1.2 met).

(c) DV 1.2 met (d) DV 2 met
Figure 3.5 Smoke visualization of the exhaled flow from the manikin’s mouth with two
metabolic rates and corresponding heat release under MV and DV [a].

The exhaled air moves up and is diluted rapidly by room ventilation with MV. While
clear stratification of the exhaled smoke can be observed under DV. The presence of
the temperature gradient with DV is shown to have significant effect on the mixing of
exhaled flow with ambient air as well as the upward movement.

Figure 3.5 (c) illustrates that the stratification height is above the manikin’s head and
it is lowered to the chest height in Figure 3.5 (d). This can be explained by higher
dT/dy for the DV 2 met case. The dependence of stratification height on the magnitude
of temperature gradients has also been observed by Bjarn and Nielsen (2002) and Gao
et al. (2012). Higher temperature gradients have larger tendency to resist vertical
movement of exhaled air make room air more stable. This phenomenon indoor shares
the same principle with atmospheric stability. Reserved temperature gradient resists

44



CHAPTER 3. INTERACTIONS AMONG ROOM VENTILATION, BODY PLUME AND HUMAN BREATHING

vertical movement of air mass and reduces its turbulence intensity, implying a stable
atmosphere environment [b].

To further illustrate the distribution characteristics of exhaled contaminant around the
manikin’s body, tracer gas measurements are performed.

Earlier measurements of the mean concentration of N,O in the vicinity of the
manikin’s body in Figure 3.2 has revealed similar phenomena observed in Figure 3.5.
For DV, c/cr is approximate zero at the thigh and chest height and c/cr=1 above the
head, indicating a very clean zone at the lower part of the room and a polluted upper
zone. This corresponds well with the smoke test result shown in Figure 3.5 (c) and (d).
However, c/cr=1 with MV both at the lower part and at the upper part of the room
because of the fully mixing of exhaled contaminant with room air under MV.

3 —— MV 1.2met
—=—- MV 2met
—A—DV 1.2met
= 2 + AR ——DV 2met
(5] |
T, L
0 } } i L
0 3 6 9
clcg

Figure 3.6 Dimensionless concentration at a distance of 0.35 m in front of the manikin’s face
at three different heights (chest, mouth and above head). c/cr is the ratio of the mean N2O
concentration at certain measuring point to that in exhaust opening [a].

Figure 3.6 shows c/cralong a vertical line with a distance of 0.35 m away from the
manikin. It can be found that c/cr==1 at the chest height and above the head under
fully mixed condition. For DV, c/cr shows similar trend with that in Figure 3.2 at the
chest height and above the head. At the mouth height, c/cris about 8.0 for DV 1.2 met,
which is significantly higher than that for MV 1.2 met of about 4.7. The increased
concentration of exhaled contaminant indicates potential higher exposure level to a
receptor person standing in front of the source person. However, for the manikin with
a higher metabolic rate of 2 met, the concentrations of N,O are comparable for DV
and MV. This indicates that the influence of the temperature gradient on the
contaminant block-up is more significant for lower metabolic level due to a lower
momentum of the exhaled flow [a].
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3.1.3.2 Exhaled velocity profiles

The manikin connected to the artificial lung can produce a pulsating sinusoidal
breathing (Bjarn,1999). Figure 3.6 illustrates the method used in this thesis to describe
the pulsating velocity.

STEP1

‘ Measured instaneous velocity
at one point (x=0.15m,y=0)

U (x,y,t)
Mean peak velocity

20
Time ()
STEP 2

velocity

Velocity (m/s)

OoolO 0.0

00 02 04 06 08
x (m)

Figure 3.7 Steps to describe the exhaled velocity. The curves are based MV 1.2 met case.
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Table 3.1 defines the velocities used to describe the exhaled flow from Step 1 to Step
3 shown in Figure 3.7. Then follows detailed discussions of these defined velocities.

Table 3.1 Definition of exhaled velocity by different means.

Velocity | Definition
u(x,y,t) | Instantaneous velocity measured at point (x,y)
u(x,y) Mean peak velocity, the average value of velocity peaks, at certain point (X,y)
in the two-dimensional plane.
Um(x) Centerline velocity, um(x), is the maximum u(x,y) along y in x plane
STEP1

Figure 3.8 shows that pulsating velocity,(x,y,t), measured by the hot-sphere
anemometer. As the anemometer cannot measure the direction of the velocity, it is
always positive as depicted in Figure 3.8. The exhaled velocity shows a sine shape,
which is similar to real human breathing (Gupta et al., 2010). Nielsen et al. (2009,
2012) has reported that the pulsating exhalation of the manikin described by mean
peak velocity has a similar behavior to a steady jet. The peaks are hereby extracted
and averaged. The mean peak velocity u(x,y), is plotted in a certain x plane to depict
the velocity profile, as illustrated in Figure 3.9.

2.0

15

- ——U(50,-5)  ——— U(400,0,t)
- — — U(400,0)

0.19m/s

Time (s)

Figure 3.8 Pulsating velocity measured by the hot sphere anemometer. The coordinate scale is
in units of mm [a].
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STEP 2

Velocity profiles along y direction in different x planes are shown in Figure 3.8. The
ventilation patterns show no significant impacts on the velocity profiles. The velocity
profiles described by the mean peak velocity shows similar trend with a steady jet. To
further validate the similarities to a steady jet, universal profiles are depicted.

—eo— MV 1.2met 5cm
—&— MV 1.2met 15cm
—a— MV 1.2met 25cm
--©-- DV 1.2met 5cm
--B-- DV 1.2met 15cm
--A-- DV 1.2met 25cm

B : : |
\E)
> 3 4 5
-6 + Velocity (m/s)
6 “A —&— MV 2met 5cm
(b) —=&— MV 2met 15cm
4 A —&— MV 2met 25cm
--©-- DV 2met 5cm
2 --B- DV 2met 15cm
--A-- DV 2met 25cm
-0 |
5 5
.2
-4

Velocity (m/s)

Figure 3.9 Velocity profiles of exhalation from the mouth for (a) 1.2 met and (b) 2met [a].
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Similar expression of the universal profile as a steady jet (Abramovich, 1963) is given
by equation 2.1.

u/um=exp(ny?) . (3.1)

where, un is the maximum velocity at the centerline; #=y/d; ¢ is the half width of the
exhaled flow to the location of un/2; n is the coefficient.

3 — 4
@ © x=50 mm (b) O x=50 mm
2 0 x=150 mm 3 O x=150 mm
A x=250 mm A x=250 mm
——trend line 2 ——trend line
1
1
S0 g0
1|2 112
-1
-1
-2
_2 _3
u/um=exp(-0.84717) u/un=exp(-0.58712)
3 -4
u/u,, u/uy,

Figure 3.10 Universal profile of velocity for (a) MV 1.2 met and (b) MV 2 met.

Figure 3.10 shows that velocities at different x distances from the mouth opening can
be characterized by a universal profile in an exponential function form, corresponding
to that of a theoretical free jet. The velocities for MV 1.2 met and MV 2 met show
good fitting to the regression equations that are listed in Table 2.2. This further
confirms that the fact that the behavior of the exhalation from the manikin’s mouth
described by the mean peak velocity is quite similar to a steady free jet. Likewise, the
velocity and concentration decay of the exhaled air along the centerline are described
by powder functions by way of analogy.

Table 3.2 Coefficient of regression equations with 95% confidence bounds.

MV 1.2 met MV 2 met

Coefficient n (with 95% |[-0.847(-0.971,-0.724) -0.587(-0.629,-0.545)
confidence bounds)

R? 0.925 0.985
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STEP 3

Velocity or concentration along the centerline can be expected to decay with
horizontal distance. A power function, similar to a steady jet in form, is assumed by
Equation 3.2 and 3.3, respectively.

u X e’

=k () ¢
C C X n2

x—CR __

coer e (J«T) 33)

where Ky and K. are the characteristic constants for velocity and concentration,
respectively, and ag is the mouth area. The dimensionless velocity um/uo is the ratio of
the peak velocity along the centerline at horizontal distance x , to the initial velocity,
Uo. The parameters cy, Cr and co are mean peak concentration values measured at X, in
the exhaust of the room and at the mouth, respectively.

Figure 3.11 shows that the velocity decreases with increasing x. The slope of velocity
decay, n;, is shown in Table 3.3. For x/a,°<2, the velocity is almost constant,
corresponding to the “constant velocity core” in the initial section for a steady jet.
When 2<x/a¢*><5, the initial velocity core is destroyed and the velocity decays with
X. But the slopes are -0.1 for 1.2 met cases and around -0.5 for 2 met cases, indicating
a more severe damage for lower momentum flow. When x/aq®>>5, the velocity decays
faster with a slope around -1, basically corresponding to the velocity decay in the main
section of a circular free jet. The influence of the ventilation patterns on velocity decay
is not significant but the velocity is a little higher with DV 1.2 met than MV 1.2 met.

1.00 ¢ r
6 & &
L ]
o ]
[ l
|
|
50.10 ¢ ]
X FOMV 1.2met
[ AMV 2met
" ODV 1.2met
=DV 2nfet
001 Lt
1 ;/a00.5 50

Figure 3.11 Log-log graph of dimensionless velocity versus distance in the centerline for the
four cases (solid trend lines are for DV) [a].
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Table 3.3 Characteristic constants for velocity decay [a].

Velocity decay fitting
Cases x/ag®<2 2<x/ao®><5 x/ao®>>5
Kv N1 Kv2 n1 R? Ky ni R2
MV 1.2met 0.74 | -0.004 | 117 |-058 |0.99 |55 -1.38 | 0.969
MV 2met 0.78 | -0.02 084 |-012 | 0974 |546 |-125 | 0.994
DV 1.2met 0.71 0.006 1.24 -0.62 0.999 4.41 -1.27 0.992
DV 2met 0.79 | -0.02 0.86 |-0.13 | 0.998 |5.03 |-122 | 0.994

The dimensionless concentration at the centerline with increasing x shows different
trend with that of the wvelocity, as shown in Figure 3.12 and Table 3.4. The

concentration decays faster for x/a,>>>10 than that for x/a®5<10. The slope of the

concentration decay is around -1 for MV cases when x/a,*>10, similar to that of the

velocity decay when x/a,®>>5. But the concentration decays significantly slower for
DV cases than MV cases. The temperature gradients under DV obviously elevate the

contaminant concentration in the exhaled flow. That is in line with the measured

results in Figure 3.5 and 3.6, implying a relatively stable air condition in room with

DV.

Figure 3.12 Log-log graph for dimensionless concentration versus distance in the centerline

X e,
A
=
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S
=01 ¢
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for the four cases [a].
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Table 3.4 Characteristic constants for concentration decay [a].

Concentration decay fitting
Cases x/ao®>>10

Ke n2 R2
MV 1.2met 11.9 -1.18 0.963
MV 2met 104 -1.15 0.928
DV 1.2met 2.74 -0.6 0.996
DV 2met 5.14 -0.78 0.989

3.1.4. CONCLUSIONS IN THIS SECTION

The results in this section show that the airflow patterns influence the dispersion of
exhaled flow and the distribution of the exhaled contaminant in the room.

For mixing ventilation, the vertical temperature gradient is almost zero and the
exhaled air mixes well with ambient air. While the displacement ventilation yields
temperature gradient in vertical direction and creates a clean lower zone and a
contaminated upper zone. The exhaled contaminant is stratified at certain height due
to the lock-up effect of the vertical temperature gradient with DV, which may cause
higher exposure risk to a receptor person than MV. The stratification height is also
found to be lowered with higher temperature gradient.

The exhaled velocity from the thermal manikin shows a sinusoidal shape. If it is
characterized by the mean peak velocity, it behaves quite similar to a steady free jet.
The dimensionless velocity at different x sections can be depicted by a universal
profile in an exponential function and the mean peak velocity at the centerline decays
with a powder function. The concentration shows different trend with the velocity.
The temperature gradient considerably affects the concentration decay and shows an
elevated contamination level of exhaled air under DV. Moreover, the influences of
the temperature gradient show more significant influence on exhaled flow with lower
metabolic rate (1.2 met) than that with higher metabolic rate (2 met).

3.2. PERSONALIZED VENTILATION

3.2.1. INTRODUCTION

Human body releases heat to the environment mainly by: convection, radiation,
evaporation and respiration (Fanger, 1967). The convective upward flow generated
due to the temperature difference between the human body and the cooler ambient
environment is known as the thermal plume (Clark and Edholm, 1985, Liu et al.
2009b). The thermal plume induces natural flow of surrounding air and rises above
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the head, creating a thermal boundary layer (TBL) around human body, as shown in
Figure 3.13.

Figure 3.13 Thermal plume generated by a person visualized by schlieren imaging technique.

When the personalized air is supplied to a person, the TBL interacts with the air and
may prevent the cold and fresh air being delivered to his/her breathing zone.
Bolashikov et al.(2011a) reported that personalized jet at low flow rate could not reach
the BZ and indicated a minimum velocity for complete penetration of the TBL is 0.3
m/s. The manikin was without breathing function and turbulent interaction was not
considered. This penetration velocity has become a recommendation index for PV
system design. Here a further work looks into the problems:

- Athermal manikin with breathing function is used to study if the personalized air
enters a person’s inhalation or not in this work.

- Interactions of the PV with the TBL are visualized and the inhaled air quality of
the BTM is evaluated instead of examining the velocity vector in a steady state.

In this section, the penetration of the PV flow to inhalation will be examined based on
above observations. The challenge of PV jet’s penetration under low flow rates and
the influence of interactions on PV performance will be illustrated.

Air quality index

Tracer gas (N20) is added in front of the nozzle with a constant volume, see Table 2.7.
An air quality index, €, defined as the fraction of PV air in inhaled air is used to
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indicate the air quality in the BZ (Khalifa, et al. 2009) or the reduced pollutant
exposure level in the BZ due to the application of PV (Gao and Niu 2004).

Cpz — CR

&, = ——

p
Cpv — CR

(3.2)

where cpy is the N2O concentration at the nozzle exit, cs the N,O concentration in the
exhaust, and ¢y, the N2O concentration in inhalation or at a point in the BZ.

Description of the nozzle jet

Figure 3.14 presents variations of both velocity and concentration of N,O along the
centerline of the free nozzle jet. The centerline velocity, un, and N>O concentration,
¢, are normalized with respect to their nozzle exit values, up and co. The normalized
velocity and concentration along the centerline basically correspond to each other over
a varying flow rate of 1.5~4 I/s expressing that the flow is a fully developed turbulent
flow.

The length of clean air core or constant velocity core can be obtained by concentration
or velocity measurements or through depictions of the schlieren images. It is found to
be 3~4 times the diameter of the nozzle. In the main section of the nozzle jet, the
centerline velocity and concentration decays rapidly, serving as a powder function, as
shown in Figure 3.14.

11
S
S +Vel. 1.51s
o oVel.251/s X
2 OVel. 41/s +
~
=3 igonc' ;2 :;S y = 4.8258x1.031
onc. 2.5 1/s R=: 0.9935
=Conc. 4 /s
0.1 e —
1 1 1
0 x/D 0

Figure 3.14 Velocity and concentration decay along the jet centerline of free nozzle jet (log-
log coordinates).
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When the PV jet aims at supplying clean air to the BZ of a person, the front edge of
the jet will interact with the TBL and cause drastic mixing of clean air with it, as
shown in Figure 3.15.

Apparently, the clean air core is not long enough to reach the inhalation zone of the
person as illustrated in Figure 3.15. The entrainment of polluted room air with the
development of the nozzle jet as well as its turbulent mixing of the thermal plume
causes deterioration of inhaled air quality, which will be evaluated with the use of the
index g, in the following sections.

L
Interact;@s\ %

.

Figure 3.15 Schlieren image of the flow interactions between a male subject and the PV jet
(2.51/s, d=40 cm).

Test cases

Table 3.5 shows 12 test cases considering different influencing factors on inhaled ¢,,:
the distances between the manikin and the nozzle (d=40~81 cm), the presence of the
manikin (with/without thermal manikin facing to the nozzle), the thermal plume layer
(isothermal /non-isothermal manikin with identical/higher body temperature than
surrounding air), and nozzle positions (cases 8~11). Case 1 is the baseline case.
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Table 3.5 Experimental setup for personalized ventilaiton.

d Heat output
No. Manikin (cm) (W) Relative position
Non-
1 isothermal 40 70 Baseline case
Non-
2 isothermal 60 70
Non-
3 isothermal 81 70 d
4 No manikin 40 \ T b:
5  No manikin 60 \ 9 — '
6 No manikin 81 \ B
7 Isothermal 60 \
8 Isothermal 81 \
Non- (@) Nozzle centerline 76 mm above the
9 isothermal 40 70 nose
Non- (b) Nozzle centerline 70 mm below
10  isothermal 40 70 the nose
Non-
11 isothermal 40 70 (c) 8.5<upward pointing to the nose
Non-
12 isothermal 40 70 (d) 7.5<Uownward pointing to the nose

3.2.2. INTERACTION BETWEEN MANIKIN BODY AND PV FLOW
Penetration velocity

A point, PO, with close proximity to the nose is defined in Figure 2.8. And d is the
horizontal distance between PO and the nozzle, whose center is just pointing to
PO. .Figure 3.16 presents the measured velocity at the nose point PO with three
conditions: with thermal manikin, with isothermal manikin (cold manikin, no thermal
plume) and without manikin. It is obvious that all velocities at the three conditions
decrease with increasing distances. The centerline velocity of the nozzle flow is also
decreased due to the presence of the manikin for both isothermal and non-isothermal
conditions. The blocking effect of the manikin is more significant for lower PV flow
rate. When d=60 cm, due to the presence of the thermal manikin within the free PV
jet, u reduces by about 21% and 84% with 2.5 I/s and 1.5 I/s, respectively. The mean
velocity at the nose point for 1.5 I/s with d=60 cm is merely 0.047 m/s (RMS=0.087
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m/s) which corresponds to the turbulence level in the ventilated room. The minimal
velocity at this point may indicate that the PV flow could not penetrate the TBL.

However, the effect of the thermal plume on the velocity decrement is not significant
as previous study mentioned (Bolashikov et al. 2011a) when comparing it with the
isothermal condition. Here, it is found that the blocking effect of the manikin, instead
of the TBL, is the dominant reason for velocity decrement around the manikin.

0.6 i 0.6 < 1.5l/s non-isothermal
05 é 05 X 1.5l/s isothermal
A 1.5l/s no manikin
@ 04 + A @0.4
£03 + Q £03 A A
= 0.2 -+|©2.5l/s non-isothermal =0.2 o>
0.1 +|*¥ 2.51/s isotherma_l 0.1
A2.5l/s no manikin &
0 7 7 i 0 - f f !
40 50 60 70 40 50 60 70
d (cm) d (cm)

Figure 3.16 Measured average velocity with LDA at the nose point Po with PV flow rates of 2.5
I/sand 1.5 I/s [e].

Figure 3.17 indicates that even when the velocity in the BZ is decreased to
approximately zero, small fraction of fresh air could still be inhaled by the manikin.
Hence, we suggest that the invading velocity from the PV flow should not be used as
the only index for judging the penetration degree of the TBL. The influence of the
thermal manikin and the TBL on inhaled air quality under PV will be further discussed.

0.6 T
A2.5lls ©1.5l/s
4
04 ¥
S
§* A
0.2 +
0.0 } } i
40 60 80 100
d (cm)

Figure 3.17 Averaged &, in inhalation [e].

57



CHARACTERIZING HUMAN BREATHING AND ITS INTERACTIONS WITH ROOM VENTILATION

Blocking effect of the manikin

Figure 3.18 presents averaged €, in the BZ with cases 1~6 defined in Table 3.5. The
increment of &, is insignificant with the increment of PV flow rates.

0.8 —+
—&— case 1 inhaled
06 + —l—case 1 P1
—aA— case 1 P2
g0 T -~ case 4 PO
2 1 o WY, I ---E4--- case 4 P1
02 + [t e g
Y o iy ---#x--- case 4 P2
1 1 1 -—A---I---A ]
O 0 T T T T 1
0 2 6 8 10
PV f?ow rate (I/s)
06 _ .
d=60cm —&— case 2 inhaled
——case 2P1
04 + —aA—case 2 P2
a ---&----case 5 PO
« ---%--- case 5 P1
02 + ---A--- case 5 P2
0.0 !
1 5
05 T
0a L —&— case 3 inhaled
' —l—case 3P1
. 03 + —A—case 3 P2
02 4+ ---&---- case 6 PO
---¥--- case 6 P1
01 +
---#--- case 6 P2
0.0 } } } !
1 2 3 4 5

PV flow rate (I/s)

Figure 3.18 ¢, in the BZ with thermal manikin and without manikin. Cases 1~3: non-
isothermal manikin, manikin is heated with TBL. Cases 4~6: no manikin, free nozzle jet [e].
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It is obvious that the inhaled &, decreases with increasing d because of entrainment
of ambient air with the development of the PV flow. The inhaled ¢, is basically
comparable to the &, at PO of a free jet, indicating close relevance of the inhaled air
quality with the air quality at the nose point.

The tendency to a constant g, at high flow rates indicates that the PV flow is close to
fully developed turbulent flow at higher flow rates.

AtPland P2, g, is elevated due to the presence of the thermal manikin in the PV flow.
The accumulation of the PV air in front of the manikin due to the blocking effect
attributes to the elevation of ¢, at P1 and P2.

3.2.3. INTERACTION BETWEEN TBL AND PV FLOW

The blocking of the flow’s penetration into the TBL should be more significant under
low invading velocities. The invading velocity decreases with increasing d. Here, the
air quality with non-isothermal and isothermal manikin for d=60 cm and 81 cm is
respectively compared in Figure 3.19.

05 T —&— case 2 inhaled
04 + —l—case 2 P1
03 4 —aA— case 2 P2
0%0.2 1 --¢-- case 7 PO
--EF- case 7 P1
0.1 + --A-- case 7 P2
0.0 } } } } |
0 1 2 4 5
PV Flow rate (I/s)
05 T+
04 1+ d=81cm —e— case 3 inhaled
03 4 ——case 3P1
—a&A— case 3 P2
02 T --&-- case 8 PO
01 4 --EF- case 8 P1
--A-- case 8 P2
0.0 } } } } |

PV Flow rate (I/s)

Figure 3.19 ¢, in the BZ with non-isothermal and isothermal manikin [e].
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However, Figure 3.19 shows that the influence of the TBL on inhaled ¢, is not
significant. Meanwhile, €, at P2 is reduced due to the intense interaction between the
PV flow and the TBL at this region, which can be observed in Figure 3.15.

The increased €, at P1 compared to that at PO can be explained by increased velocity
at P1 when the flow passes the sharp jaw point of the manikin.

Effect of interaction directions between the TBL and PV jet

In Figure 3.20, the collisions of the PV flow from different positions with the rising
thermal plume are visualized with schlieren imaging technique. An anticlockwise
vortex ring can be found at the lower boundary of the nozzle jet due to the interaction
between the rising plume and the PV flow. The height of the vortex correspondingly
rise when the nozzle height is lifted. The appearance of the vortex indicates highly
mixing of the nozzle air with the thermal plume.

Case 10

Case 12

Figure 3.20 Interactions between the TBL and the nozzle with cases 9~12.The measured
velocities by LDA at the three points in front of the manikin’s face are drawn with vectors with
both direction and scale to the real velocity magnitude [e].
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Table 3.6 Influence of nozzle position on &, [€].

€p Case 9 Case 10 Case 1 Case 11 Case 12
Inhaled 0.35 0.24 0.45 0.36 0.40
P1 0.30 0.42 0.43 0.29 0.50
P2 0.05 0.43 0.22 0.06 0.32

From Table 3.6 it can be seen that the baseline case with the nozzle centerline
horizontally pointing to the nose point achieved the highest air quality in inhalation.

It is evident that the deviation of the height of the centerline to the nose height will
result in reduced air quality in inhalation. Table 3.6 shows that case 10 has the lowest
g, In inhalation, indicating the worst inhaled air quality. That is probably because the
inhaled air is mostly drawn from the upper boundary of the turbulent nozzle jet as
shown in Figure 3.20. Although €, at P1 and P2 for case 10 is relatively high, the
inhaled €, will not be influenced by the higher air quality some distance below the
nose. This might be because the majority of air drawn in inhalation is distributed in
close proximity to the nose. Although the lower boundary of the nozzle jet also
reaches the nose point in case 9, turbulent mixing with the upward plume and
enhanced air velocity when the air passes by the jaw result in relatively higher €,
compared to case 10. In practice, the placement of the PV nozzle should be carefully
considered to avoid this condition with the upper boundary of the PV jet lower than
the nose height.

The airflow direction of the PV jet also affects the ventilation effectiveness even when
the centerline of the flow is exactly pointing to the nose. Table 3.6 shows that €, of
case 11 is lower than that of case 12. This can be explained by the direction of the PV
jet in regard to the thermal plume. In case 11 the velocity component in vertical
direction is consistent with the plume direction, while that is opposite in case 12. The
downward flow in case 12 suppresses the rising plume which is contaminated and put
the fresh air in front of the polluted plume air. On the contrary, more plume air reaches
the inhalation zone in case 11.

It can be concluded that the placement of the PV nozzle affects the interaction of the
PV flow with the TBL and further influences the ventilation effectiveness of PV.

3.2.4. DISCUSSION AND CONCLUSIONS IN THIS SECTION

The present study indicates that the invading velocity should not be used as the only
index to determine the penetration of the PV flow to the BZ. The approach applied in
previous studies to evaluate the penetration level of the TBL is based on merely
velocity decrement and defection characteristics of PV flow in the BZ, which is
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insufficient to determine the penetration degree. The velocity decrement in close
proximity to the manikin is found to be dominated by the blocking effect of the
manikin body rather than the TBL. The concern of PV jet’s penetration to the thermal
plume is therefore not as challenging as expected. According to the inhaled air quality
index &y, it can be inferred that the TBL is “penetrable” at an invading velocity even
lower than 0.177 m/s (1.5 I/s, d=0.8 m, &,-0.35), which is even lower than the
recommended critical value of 0.3 m/s (Bolashikov et al.(2011a)). In practice, lower
penetration velocity of clean air is helpful to achieve lower energy consumption to
supply decreased amount of fresh air.

The easy penetration feature of the TBL might be partly because the influence of the
interactions is mainly distributed at the lower boundary of the PV jet. The thermal
plume is therefore weakened at the height of the centerline of the PV flow. Another
reason could be the effect of the inhalation process. Figure 3.21 shows the velocity
field around the mouth when a person inhales with mouth (Murakami, 2004).
Likewise, the air can be inhaled with certain velocity from limited areas around the
nose opening when the person performs nose breathing. The driven force generated
during inhalation could further destroy the effect of the TBL and cause easy
penetration of PV air into inhaled air.

Values are
normalized by the
maximum velocity at
the mouth position.

Maximum velocity;
CFD:0.24m/s
Experiment:0.22m/s

Figure 3.21 Velocity field around the mouth during inhalation (Murakami, 2004).

The airflow interaction between the PV air and the TBL alters the airflow distributions
in the BZ and affects the inhaled air quality. This interaction depends on the
positioning and direction of the non-uniform invading flow from the nozzle, which
should be carefully considered for optimal ventilation design.

Some previous researchers have realized the importance of interaction between
thermal plume around human body and personalized air and proposed corresponding
PV configurations to enhance the ventilation effectiveness and energy savings. Yang
et al. (2009) defined the neutral distance as the one from the PV nozzle where the
impact of thermal plume on velocity distribution was observed and found that it
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increased from 0.8 m to 1.1 m with the increase of the airflow rate from 4 I/s to 16 I/s
for a ceiling mounted PV nozzle. Gao and Niu (2004) placed the PV nozzle just
beneath the chin to avoid long distance contamination by ambient air and reported
that a minimum flow rate of 0.8 I/s is strong enough to overcome the disturbance of
the thermal plume and provide enough clean air to the BZ. Makhoul et al. (2013)
proposed the single ceiling PV jet combined with desk fans which were able to control
the convective plumes emanating from the human body allowing the personalized air
to reach the breathing level more effectively. A reduced energy saving by up to 13%
was achieved by this system compared to conventional mixing ventilation systems|e].

The interactions patterns between the supplied air from PV and the TBL should be an

important consideration for the improvement of BZ air quality, thermal comfort and
energy consumption in optimal ventilation design.
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CHAPTER 4. COMPARISONS OF
EXHALED BREATH AMONG THE
THREE TOOLS

This chapter may serve as an illustration on the usage of tools introduced in Chapter
2.1, e.g. the CSP, the BTM and human subjects. Detailed comparisons of the
physiological configurations among the three tools have been made in Table 2.4.

The computer simulated person (CSP) is modeled according to the breathing thermal
manikin (BTM). And the BTM is constructed on the basis of human information. A
direct comparison between the CSP and the BTM and between the BTM and human
subjects will be performed in this chapter to evaluate the accuracy of simulated results
of breathing by a computer or a manikin. Meanwhile, special focus is given to the
characterization of real human breathing, as data collected on human is the most
reliable but at the same time it is short of information.

The CSP and the BTM are applied in case of mixing ventilation and displacement
ventilation, respectively. Human subjects are instructed to breathe under mixing
ventilation.

The main findings on real human breathing presented in this chapter are based on
Papers [c] and [d].

41.CSPVS.BTM

The BTM breathes with an almost sinusoidal shape which can be approximately
expressed by the mathematical function in Table 4.1. Villafruela et al. (2013) reported
the boundary condition set as a sinusoidal function shows best performance in CFD
simulations that are validated by experiment data obtained from manikin. According
to Figure 3.4, the peak velocity at the mouth is assumed as 3.9 m/s, excluding the
velocity decrement caused by the thermal plume layer and increased exhalation
temperature with some distance apart from the mouth. In Figure 4.1, the instantaneous
velocity measured by the hot sphere anemometer together with the simulated velocity
are plotted. Other details about the computational model, including the full-scale
chamber and the CSP, have been discussed in Chapter 2.
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Table 4.1 Breathing function of the CSP.

Velocity CO2 mass fraction
Uo=3.9sin(1.675t) | co=7.9 g/kg air if up>0
Co=0 if up<0
4 —o— Measured Simulated
2
@
EO0
=3

\/nhalation
-4

Figure 4.1 Instantaneous velocity from the mouth of the CSP for 2 breathing cycles.

4.1.1. FLOW FIELD VALIDATION

The non-dimensional temperature distributions along vertical height for MV and DV
are shown in Figure 4.2. The numerical temperatures show agreement with
experimental values for both ventilation strategies. For the MV case, the
dimensionless temperature is approximate to 1, implying well-mixed air condition in
the room. However, the temperature at the upper part of L1 seems to be elevated by
simulation. As the pole L1 is placed close to the manikin (see Figure 2.5), the
enhanced thermal plume above the manikin’s head through simulation may cause the
temperature increase at this height. Figure 4.2 also indicates a stratified flow in the
room for the DV case. For both simulations and measurements, the temperature for
DV shows a linear growth with vertical height due to the design of the two radiators
(Figure 2.5 and Figure 2.6).

In Figure 4.3, the vertical concentration distribution some distance apart from the
person are shown for the simulations and experiments. The concentration profile for
the simulations of the DV case indicate good agreements with the measurements, but
the MV case has some significant deviations in the upper part of the room compared
with the measurements. Obviously, the simulations create an exhaled flow bending
more upwards with MV than the experiments, as the maximum concentration appears
at a higher location in Figure 4.3. The deviations may be caused by simplification of
the whole floor as an inlet, combined with the effect the enhanced thermal plume
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around the CSP. Another reason that contributes to the deviations may be because the
time-step for the averaged concentration obtained by the measuring instruments is
significantly larger than that by CFD simulations.

Simulated L1 -weeeeeeees Simulated L2 Simulated L1 e Simulated L2
— — - Simulated L3 —&— Measured L1| | — — - Simulated L3 —e— Measured L1
—&— Measured L2 —#— Measured L3| | —g— Measured L2 —A— Measured L3
3T 3 -
E 2 T 24
2 5
% 1T % 1 4
0 0.5 1 15 0 0.5 1 15

(T'Tin)/(Tout'Tin) (T'Tout)/(Tout'Tin)

Figure 4.2 Simulated and measured mean temperature at the three vertical poles: L1, L2 and
L3, for mixing ventilation and displacement ventilation (Tou, the exhausted air temperature and
Tin, the supplied air temperature).

3 - | = MV simulated
DV simulated
A MV mesured
2 B DV measured
£
+—
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.50
(]
T1 1/
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II’
(
\
0 } |
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c/cy

Figure 4.3 Dimensionless concentration along vertical height at a distance of 0.35 m in front
of the manikin’s face. The concentration c is divided by the exhaust concentration cr.
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4.1.2. EXHALED FLOW VALIDATION

Figures 4.4 and 4.5 compare the dispersion tendency of the simulated tracer gas with
smoke experiment.

Figure 4.4 1so-surfaces of CO2 concentration shaded in velocity module. The simulations are
compared with smoke experiments, both of which are conducted under MV within one
breathing cycle, corresponding to the time in Figure 4.1. For t=0.5s and 1s, ¢=0.1 co, and for
t=1.5s and 2s, ¢ =0.05 co. The cois the initial concentration at the mouth and c is the iso-surface
concentration.
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X Velagily

Figure 4.5 Iso-surfaces of COz concentration shaded in velocity module. The simulations are
compared with smoke experiments, both of which are conducted under DV within one breathing
cycle, corresponding to the time in Figure 4.1. For t=0.5s and 1s, ¢=0.1 co, and for t=1.5s and
2s, ¢ =0.05 co. The co is the initial concentration at the mouth and c is the iso-surface
concentration.

From both figures (Figures 4.4 and 4.5), it can be seen that the dynamic simulations

of the exhaled flow roughly correspond to the experiments by smoke, regarding the
flow shape and development process. While the MV case in Figure 4.4 presents a
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more upward trend of the exhaled flow by simulations than by experiments. And in
Figure 4.5 the simulated exhalation with DV is apparently depressed in vertical
development compared to Figure 4.4 due to the presence of temperature gradient.

Besides the qualitative comparisons among the images, further quantitative analysis
is performed by using exhaled velocity. Figure 4.6 illustrates the peak velocity
decreases immediately when the flow leaves the mouth. The reason for the decrement
has been discussed in chapter 3.1.2. However, the simulated decrement close to the
mouth is not as significant as the measured one.

—— u0 measured (no body plume)
—— u0.02 measured (DV)

u0 simulated

———-u0.02 simulated (DV)

4 —_
/ /7N 77\ 77\
2 A \ Fa\ \
\ ]
—~~ /
L I I I
Eo0 ! : : =
@ 3 12 5

> t(s)

2 4

-4 -

Figure 4.6 Measured and simulated velocity at the mouth opening and with close distance (2
cm) to the mouth opening for the DV case.

The same steps for data processing of exhaled velocity shown in Figure 3.7 are
adopted here to illustrate the decay of the centerline velocity. The simulated results
combined with the measured results in Figure 3.11 are plotted on a new figure named
as Figure 4.7. In Figure 4.7, when x/a,®>>10, the simulated velocities with DV is
visibly higher than the measurements and is also higher than the simulated ones with
MV as well, which stresses the fact that the effect of the temperature gradient on
velocity decay may be overestimated by simulations.

The elevated upward flow with MV and the depressed flow with DV from exhalation
can be partly due to the enhanced or suppressed development of body plume with the
corresponding ventilation pattern, as shown in Figure 4.8. Murakami (2004) reports a
peak value of the overhead upward airflow approximately 0.2 m/s. Liu et al. (2009b)
reveals that the maximum velocity measured is 0.25 m/s at the location above the top
of head with MV and it is merely 0.1 m/s with DV at the same location. In this study,
the maximum velocity overhead is found to be around 0.35 m/s for the MV case,
implying an enhanced thermal plume with MV by CFD simulations. Liu et al. (2009b)
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also reported this problem. Instead, the CFD simulations seem to succeed in predicting
the decreased plume velocity with DV, as shown in Figure 4.8.

1.00

F o @ ® X MW Simulated DV
C ! Od A Simulated MV
i 1 || & Measured DV
I X X O Measured MV
I .
£ 1 1
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Figure 4.7 Log-log graph of the measured and simulated centerline velocities. The measured
velocities correspond to those of Figure 3.11 (MV 1.2 met and DV 1.2 met).
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Figure 4.8 Simulated velocity above the CSP’s head with MV and DV (left) and measured
plume velocity overhead by Liu et al. 2009b (right).
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4.1.3. DISCUSSION

To summarize, even though the CFD calculated results roughly agree with
measurements, there are still some deviations, in terms of the flow dispersion
directions, the exhaled velocity magnitude and the body plume development
tendencies, when compare with experiments. There should be a number of possible
reasons for the deviations, some of which are discussed in the following.

Boundary conditions directly affect the accuracy of simulated results. Deviations will
occur if the boundary conditions are not properly treated. In the present simulations,
the ceiling and the floor are prescribed as a whole opening for air supply or return.
The plenum above as well as the holes in the ceiling or floor panels are not considered.
Meanwhile, the heat release from the CSP is set as a constant and uniform value.
During the measurements the manikin’s body temperature varies from part to part
with a maximum temperature difference of about 2.5 <C. This will to some extent
affect the air distribution in the room and around the CSP’s body.

Comparing with experiments, we find the main problem of the simulations with CFD
is that the buoyancy effect seems to be overestimated with MV, e.g. the exhaled air
and the plume overhead. This class of problems can be ascribed to the improper
simulations of natural convection. In natural convection, fluid motion is generated due
to the density difference in the fluid caused by temperature gradients, namely
buoyancy. The stratified flow with DV is also due to the buoyancy forces. So it should
be an important consideration in our simulations. To improve the accuracy of
simulations for this kind of problem, the following aspects need to be carefully
examined in future work.

- For this kind of problem, energy and momentum are strongly coupled. To
correctly resolve both the momentum and thermal viscous sublayers, mesh close
to the wall should be carefully constructed. The first cell layer is recommended
with y+<1 by ANSYS FLUENT User’s guide (2010).

- For unsteady simulations, the time step size may be determined by the following

equation.
L oL
" U aVRaPr /BgAT
(4.1)
t=1/4
4.2)

where, t=time step size (s), L=feather size (m),a=thermal diffusivity (m¥), Ra=
Rayleigh number, Pr=Prandtl number, p=expansivity (K?), g=gravitational

acceleration (m/s?), AT=temperature difference (K).
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- Standard pressure discretization may give rise to incorrect velocity near the wall.
Other pressure interpolation scheme like Body Force Weighted or PRESTO! can
be a possibility to obtain better solutions.

4.2. BTM VS. HUMAN SUBJECTS

Experiments on human subjects are conducted in the same test chamber with identical
ventilation and thermal environment as those on the BTM in Chapter 3 in line with
MV 1.2 met case. The measuring method on exhaled flow from human subjects is also
in line with that on the manikin. The exhaled velocity and CO, concentration on the
x-y plane are measured by corresponding probes moving with the robot arm to certain
measuring points. Figure 2.3 illustrates the measurement on a female subject. The
basic information of the human subjects with velocity and concentration
measurements is summarized in Table 2.3 (Group 1).

The following sections compare the exhaled flow from the BTM with that from human
subjects in terms of velocity profiles, velocity decay and concentration decay along
the centerline. The deviations and reasons corresponding to them will be discussed.

4.2.1. PULSATING VELOCITY AND VELOCITY PROFILE

The description of exhaled velocity from human subjects follows the same steps as
those in Figure 3.7. One example of the velocity profiles depicted by the mean peak
velocity on different x planes are shown in Figure 4.9. It can be seen that both the
pulsations of the exhaled velocities and the velocity profiles at different positions of
the human subject are different from those of the manikin in Chapter 3.1.3.2.

Pulsating velocity

Under test conditions, the breaths of most human subjects show relatively regular
characteristics with respect to breathing frequency and volume. One example is shown
in Figure 4.9. However, the breath-to-breath fluctuations are apparently more
significant than those of the manikin.

In this chapter, an expression similar to turbulent intensity in form is introduced to
indicate the fluctuation degree of peak velocities:

IZUm ’/Z/lm (43)

Um is mean peak velocity at centerline, m/s;
um’ is the standard deviation of peak velocities, m/s.
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The | is resulted from the natural fluctuations of human breathing in combination the
effect of turbulence of exhalation. The | can be considered as a sort of turbulence
intensity only when the breaths from the manikin are considered absolutely identical
due to the repeating piston movement of the mechanical lung.

It can be expected that | of human subjects are considerably higher than that of the
manikin. The mean | at x=0.03 m with 95% confidence intervals is 41 +5% and 1.3%
for human subjects and the manikin respectively.

Velocity profiles

The velocity profiles along y section can be depicted by the mean peak velocities
u(x,y). Figure 4.9 shows the velocity profiles of one female subject. The maximum
velocity at each y section can be considered as the centerline velocity um. In Figure 4.9
the centerline has a downward trend. Actually although large variations occur among
the individuals, most of the human subjects are reported with downward exhaled flow
which may be caused by the asymmetry mouth structure.

In Chapter 3.1.3.2, the exhaled velocity from the manikin is normalized by a universal
velocity profile. For human subjects, the velocity profiles slightly differ from the “bell
shape”. This is probably because of relative high fluctuations from breath to breath
among human breaths. It could also be because the velocity profile in the mouth
opening of human subjects are asymmetrical while they are symmetrical from the tube
in the manikins.
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Figure 4.9 Velocity profiles on different x planes and pulsating velocities at the centerline for a female subject without nose clip.

74




4.2.2. VELOCITY DECAY

Different characteristics of the velocity decay along the centerline between the
manikin and human subjects as well as between males and females will be compared
in this section. All experiments cover exhalation through the mouth and exhalation
only through the nose is not considered here.

3 3 T
[ee) - 0 Manikin
o O Manikin Male 2 clip
O M2noclip A Male 13 clip
o A M13noclip ) ¢ Other males with clip
2 o ® QOther males no clip ==-0.1m/s
- ——=0.1m/s —Regression line
% o Regression line
G
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Figure 4.10 Centerline velocities and regression of velocity decay (solid line) of (a) male no

clip, (b) male with clip, (c) female no clip and (d) female with clip (with clip-mouth breathing
only, no clip-nose in and mouth out) [c].

The centerline velocities extracted from the velocity profiles of each human subject
are depicted in Figure 4.10. A dashed line is drawn to cover the scattered velocities,
forming a region where the exhaled velocity may locate. A regression equation,
assumed as a power function in accordance with that of the manikin, is used to indicate
the decay trend of centerline velocities.

Um=ax® (4.9)

The characteristic coefficients a and b, obtained from regression analysis with non-
linear least squares algorithmin in MATLAB, are listed in Table 4.2.

Table 4.2 Coefficients a and b with 95% confidence intervals [c].
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Breathing pattern a b

Male nose in and mouth out 0.09 (0.03, 0.14) -0.55 (-0.74, -0.35)
Male mouth only 0.15 (-0.04, 0.27) -0.49 (-0.74, -0.24)
Female nose in and mouth out | 0.08 (-0.01, 0.16) -0.76 (-1.12, -0.39)
Female mouth only 0.04 (-0.01, 0.09) -1.01 (-1.41, -0.62)

Mouth only vs. nose in and mouth out

Two male and two female subjects marked with red symbols are selected to compare
the velocity with different breathing patterns. The subject, showing higher exhaled
velocity when wearing the nose clip, also shows higher velocity without wearing it.
This illustrates relatively unchanged breathing habit for an individual.

The velocity of mouth breathing only is found to be slightly higher than that of nose
in and mouth out. This is probably because the use of the nose clip restricts air leak
from the nostrils.

Male subjects vs. female subjects

Figure 4.10 illustrates faster velocity decay with female subjects than male, as the
characteristic coefficient b of male subjects is always higher as shown in Table 4.2.
Smaller mouth area and higher breathing frequency in average for female subjects
may contribute to the higher initial velocity and more rapid decay with horizontal
distance.

Manikin vs. human subjects

A direct comparison of the exhaled velocity in Figure 4.10 shows a higher predicted
velocity with the manikin than that with the most majority of human subjects. The
breathing frequency and volume of the manikin are set according to an average female,
but the manikin’s exhaled velocity shows significant elevation than average human.
For the manikin, the respiratory system is simplified as one tube connecting the mouth
to the artificial lung. While the respiratory system of human (see Figure 1.1) is so
complicated that this simple configuration of the manikin’s respiratory pathway will
inevitably cause some deviations. The dominant reason for the elevation of exhaled
velocity by the manikin should be the underestimation of the turbulence level of real
exhaled flow.

4.2.3. CONCENTRATION DECAY

The concentration of tracer gas (N2O or COy) in centerline of exhaled air is normalized
by the following expression:

76



CHAPTER 4. COMPARISONS OF EXHALED BREATH AMONG THE THREE TOOLS

1c=(Cx-Ca)/ (Cr-Ca) 4.5)

where, ¢, is the average concentration of tracer gas in the ambient air in the chamber
without a person, ppm; cr is the average concentration of tracer gas at the exhaust
openings of the chamber with a person, ppm; cxis the average concentration of tracer
gas at a horizontal distance of x from the mouth, ppm. For the manikin, ¢,=0, and 7
can be written as c,/cr.

As itis difficult to capture the instantaneous peak concentration because of a relatively
long sampling time with present instruments (INNOVA 1303 and 1402), the
concentrations defined above are based on average values of the concentration profiles.
Owing to the relatively long standing time for a person, less human subjects (2 males
and 3 females) than those with velocity measurements are instructed to participate in
the tracer gas measurements.

Figure 4.11 shows that the exhaled concentration of the tracer gas from the manikin
is also elevated above those from the human subjects, which serves as a further
evidence of enhanced turbulence level in human exhaled flow due to the complicated
structure of vent pathway.
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Figure 4.11 Normalized concentration of CO2 and N20 in the exhaled air [c].

4.2.4. CONCLUSIONS IN THIS SECTION

Sophisticated manikin can mimic human body shape, body heat and breathing
functions to some satisfying degree. However, the exhaled velocity and concentration
of contaminant are likely to have an increased level for the manikin, because of the
simplified respiratory pathway which results in low diffusion and turbulence levels.
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But the elevated breathing of the manikin can to some extent serve as a critical
condition for exposure risk assessment.

Due to significant individual differences, the characteristics of actual human breathing
is expected to be more complicated and scattered than those of the manikin, including
the airflow fluctuations, velocity profiles, exhaled flow directions and decay along the
centerline.

Understanding of the characteristics of real human breathing is very important for
simulations by using alternative tools, e.g. manikins or CSPs. Chapter 4.3 will provide
further characterization of human breathing by using schlieren imaging technique.

4.3. SCHLIEREN IMAGING STUDY ON EXHALED FLOW

4.3.1. INTRODUCTION

Combined with results from human in Chapter 4.2, more new data will be added to
the characterization of human breathing. Two aspects: exhaled flow shape and
exhaled velocity, will be mainly characterized in this section.

Different human subjects are used in this chapter compared to those in Chapter 4.2.
All subjects are of Chinese ethnicity. The basic information of the 18 healthy young
adults has been summarized in Table 2.3 (Group 2).

Breathing patterns

All subjects are instructed to breathe with three patterns: (a) nose breathing only, (b)
mouth in and nose out and (c) mouth breathing only (wearing a nose clip). A relatively
long time of natural breathing (above 10 minutes) is required for each subject with
each breathing pattern during tests. And the camera started recording for another 2
minutes without the subjects realizing it.

When a subject is instructed to inhale with nose and exhale with mouth, the air from
his or her lung is simultaneously expelled from the nose, which can be observed from
the schlieren videos. To characterize the exhaled flow shape and directions, only
pattern (a) and (c) are considered.

A subject breathing with mouth only may complain about a dry mouth from time to
time. Interruptions of shutting up his or her lips and swallowing saliva during the tests
are allowed as a part of his or her breathing pattern.

Postures
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The exhaled flow from human subjects whilst standing and lying are investigated.
Figure 2.4 shows the placement of a human subject in front of the concave mirror for
schlieren experiment. The relative distance between the subject and the mirror is
slightly different among subjects, which is calibrated before experiment to exclude
the influence of the distance on scales of images.

The subject’s head is supported by a height-adjustable holder to avoid head movement
whist standing as in previous tests (Chapter 4.2). When lying flat, the subject is
covered with a heavy quilt up to the his or her neck position to block the rising thermal
plume from the body and meanwhile mimic the sleeping condition to the most extent.
Propagation velocity and centerline velocity

Two different velocities, un and up, which are used to describe the exhalation velocity
from different aspects, will be compared and discussed in this section.

Flow develops and propagates over time whist exhaling. The propagation velocity, up,
is defined by the following expression:

up=Ad/At (4.6)

The propagation distance Ad divided by the corresponding time interval At, represents
the propagation velocity of the front edge of the exhaled flow. d is derived from the
schlieren image along the centerline of the flow as shown in Figure 4.12. The schlieren
images are recorded frame by frame with a time interval of 1/15 s.

Figure 4.12 Centerline of the exhaled airflow (dashed line) and propagation distance d [d].

The definition and measurements of centerline velocity of human exhaled air, um, can
be found in Chapter 3.1.3.2. However, the position of the centerline determined here
is according to the schlieren images rather than the depicted velocity profiles (e.g.
Figure 3.7). Figure 4.12 can serve as an example to determine the centerline of the
exhaled flow.
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It should be noted that x differs from d and is the horizontal or vertical component of
d (depending on postures), see Figure 4.12. Figure 4.12 also shows the coordinate
built from the mouth or nose opening with standing and lying postures. The direction
of the exhaled flow is determined according to the angle between the centerline and
the x axis. The centerline below the x axis is defined as positive.

4.3.2. FLOW SHAPE AND DIRECTION

The schlieren images within a breathing cycle with a time interval of 1/15s or 2/15 s
are stacked together to illustrate the development of the exhaled flow, as shown in
Figure 4.13. The breathing cycle is randomly selected from the two-minute recording
of about 20~50 breaths dependent on breathing frequency of the subject.

The breathing direction of a mouth or nose is defined by two angles (61 and 6,) as
shown in Figure 4.13. Statistic analysis is performed on the distribution of these
breathing angles with SPSS (Statistical Product and Service Solutions).

As no significant differences of these angles are found between males and females,
they are joint for our analysis. An approximate normal distribution of the measured
angles is found by statistics and the average and confidence intervals are listed in
Table 4.3.

Table 4.3 shows that the confidence limit is always small with a maximum of 14<

implying similar breathing angles among subjects. Results also show the breathing
direction not varying much between different postures.
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1/15 fps

1/15 fps

2/15 fps

Figure 4.13 Propagation of exhaled flow from the mouth (left) or the nose (right) whilst
standing (a, b) and lying (c—f). The development process of exhaled flow is depicted with a time
interval of 1/15 s or 2/15 s for the three conditions: standing side view (a,b), lying side view
(c,d) and lying front view (e,f) [d].

A downward trend of exhaled flow from mouth is found with a positive 6, of 14°
whist standing and 9°whist lying. The downward flow trend for the majority of
subjects are also found through velocity measurements in Chapter 4.

Different 0, between front and side view indicates an irregular cone shape of the
exhaled flow. That is obvious because the mouth or nose opening is not circular.

These angles obtained from human subjects may be helpful to characterize the
direction of breathing from CSPs or manikins.
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Table 4.3 Average spreading angles of exhaled airflow with 95% confidence limit [d].

. Gupta et al. (2010) (sedentary
. Breathing This study bp (2010) €
View angle attern subjects)
P 01 02 01 02
Standing side mouth only 14=2H4°| 369+6°| \ 30e
view nose only 57°4+6° | 32943°| 60°+6° 232+14°
S mouth only 9°£6° | 442£7°| \ \
Lying side view
nose only 51°+5°| 292+3°| \ \
Ly|ng front mouth Only \ 61X 2° \ \
view nose only 34C+8° | 432+6°| 212+8° 21e+10°

4.3.3. VELOCITY CHARACTERIZATION
4.3.3.1 Centerline velocity um
Initial velocity

The centerline velocity un at x=0.03 m, which is expressed as uo.os, is used to indicate
the initial exhaled velocity. Note that ug.o3 could be lower than real exhaled velocity
immediately at the mouth or nose opening, because uoo3z might not locate within the
constant velocity core similar to that of a free constant jet.

The measured uo oz With range values are given in Table 4.4. The wide spread of these
velocities may be due to the wide variation in physiological parameters of our human
subjects, e.g. minute volume, breathing frequency and mouth/nose area.

Table 4.4 The uo.03 with range values for three breathing patterns [d].

Male Female
Breathing patterns Standing Lying Standing Lying

Uo.03 (m/s) Uo.03 (m/s) Uo.03 (m/s) Uo.03 (m/s)
Nose only 1.08(0.45-2.00) | 1.82(1.00-2.52) | 1.63(0.34-2.58) | 1.52(0.9-2.27)

Nose in and mouth out | 1.22(0.31-2.27) | 0.81(0.31-1.55) | 1.53(0.36-2.80) | 1.35(0.46-2.25)

Mouth only 1.56(0.95-2.03) | 1.56(0.67-2.02) | 1.64(0.50-2.63) | 1.64(0.40-3.22)

Tang et al. (2013) used schlieren imaging technology to determine the nasal and
mouth breathing velocities with a maximum of 1.4 m/s and 1.3 m/s, respectively.
Apparently, these velocities are underestimated compared to the measured values in
Table 4.4.
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The application of u, by Tang et al. (2013) to describe the exhaled velocity may cause
this underestimation. The u,, expressing the propagation velocity of the front edge of
the exhaled flow, is essentially different from un, that is extracted from the peaks of
pulsating velocities (Figure 3.7), and should not be used as velocity boundary settings
of CFD simulation. The difference between u, and um will be further discussed in the
following section.

Velocity decay
The regression equation derived in Chapter 4.2.2 (Equation 4.2) on mouth breathing

only is validated here by using different human subjects. Figure 4.14 illustrates that
the decay of um agrees well with the regression equation.

Equation 4.2 (Chapter 4)

® Male subjects

05

Figure 4.14 Velocity decay along the centerline in the mouth only breathing [d].

4.3.3.2 Propagation velocity up

Figure 4.15 shows the propagation distance increasing over time with subjects
standing and lying from side view. Due to size limitation of the mirror and dependence
on temperature difference for visualization applying shlieren imaging technique, the
exhaled flow could penetrate longer distance than observed in Figure 4.15.

Tang et al. (2013) reported a maximum propagation distance for mouth and nose
breathing of 0.8 m and 0.6 m, respectively. In Figure 4.15, the observed maximum
propagation distance is about 0.4 m. However, it is still difficult to know where the
flow could stop. The exhaled air finally mixes with room air in turbulence and the
propagation distance should depend on turbulence level of both the exhaled flow and
the room air.
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Figure 4.15 Visible propagation distances of mouth only breathing and nose only breathing
over time: (a) male, standing posture; (b) male, lying posture; (c) female, standing posture and
(d) female, lying posture [d].

From Figure 4.15, it can be seen d increases with time in a roughly linear trend. Linear
fitting is hereby performed on curves in Figure 4.15. The slope of the varying distance
over time can be recognized as average up over observed time according to Equation
4.4. up varies among subjects and it is found to be lower than 0.8 m/s in present study,
which is significantly lower than averaged uo.oz in Table 4.4.

Correlation of up with physiological parameters
The propagation velocity would be high when a person breathing with high minute
volume (BMV) at a high breathing frequency (BF). This can also be observed from

schlieren videos. Gupta et al. (2010) reported that the BMV is linearly related to BSA
and an attempt is made here to correlate the up obtained from Figure 4.15 with BSA
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and BF. No significant correlation between u, and the separate parameter like BSA or
BF, is found. But u, is found to be basically linear to BSA X BF as shown in Figure
4.16. A regression equation is assumed by Equation 4.7.

® Standing mouth (S-M) o  Standing nose (S-N)
¢ Lying mouth (L-M) ¢ Lying nose (L-N)
S-M regressionline = ==----- S-N regression line
0.8 T 08 1
06 + 0.6
g
—< 04 1 0.4
S
0.2 + 0.2
0 ——t——t——f——t—ro 0 ettt
10 15 20 25 30 35 40 10 15 20 25 30 35 40

BSAX BF BSA X BF

Figure 4.16 Variation of up with BSA X BF of (a) the male subjects and (b) the female subjects
[d].

Up (mis) =k X BSA (m?) X BF (min?) 4.7

Table 4.6 Regression analysis of up obtained by the defined Equation 4.7 [d].

Male Female
k Correlation coefficient r k Correlation coefficient r
Standing mouth  |0.019 (0.82 0.018 [0.76
Standing nose 0.01 |0.74 0.019 [0.84
Lying mouth 0.011 |0.81 0.015 |0.88
Lying nose 0.011 (0.71 0.01 |0.73

T-test is performed on correlation coefficient, r. The r for all test groups is found to
be more than 0.7 for a p<0.05, indicating u, is basically related to the BSAXBF. The
slope k for the linear fitting is listed in Table 4.6. However, due to the limitation of
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small numbers of human subjects in present study, more measuring points on larger
number of human subjects are needed to validate the reliability of this regression
equation.

4.3.3.3 Differences between up and um

In this study, up is found to be always lower than uy very close to the mouth opening.
The up of sneezing and coughing reported by Tang et al. (2013) was 4-5 m/s, which
was also significantly lower than generally considered values of sneezing and
coughing, e.g. sneezing 20-50 m/s, coughing 10 m/s (Chen et al. 2014).

Figure 4.17 shows that the front of airflow in the early stage of an exhalation cycle is
similar to a vortex-like airflow. Akhmetov (2009) indicated that it would be a typical
condition for a vortex of larger un in a fixed point than up when the vortex passed this
point. This could explain why uj, is always smaller than um. To conclude, u, should
not be used as initial exhaled velocity in practice because it may cause
underestimation of real exhaled velocity.

(@)

—> u,

Figure 4.17 Images of (a) a typical vortex flow and (b) airflow from a female subject [d].

4.3.4. CONCLUSIONS IN THIS SECTION

In this section exhaled flow shape and velocity is characterized by using schlieren
imaging technique. Accurate information could be provided for CFD boundary
settings and configuration of manikins.

The exhaled flow direction from mouth or nose whist standing and lying is defined by
two angles: 6; and 0.. The two angles are found to have minimal variations between
subjects. Hence, the angels observed from schlieren images can be used for breathing
geometry description.
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Two different velocities, u, and um, are compared and defined for different purposes.
The umis found to decrease with horizontal distance by power function. The up shows
strong correlation to physiological parameters, BSA and BF. Due to the limitation of
small numbers of human subjects, more measurements are needed to validate the
reliability of the correlation. It should be noted that u, and un are two different
concepts to describe the dispersion speed of exhaled air. The uj, is obtained by tracing
the front edge of exhaled flow, while the un is extracted from peaks of velocity
pulsation measured at certain points. The up is significantly lower than the initial
velocity uges and cannot be used as the initial exhaled velocity because the up, may
cause underestimation of real exhaled velocity.
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CHAPTER 5. CONCLUSIONS AND
FUTURE WORK

This chapter presents conclusions and perspectives for future work regarding results
obtained in this thesis. Some limitations are also discussed.

Interactions between ventilation with breathing

Room ventilation, body plume and human breathing interacts between each other,
causing possible complex dispersion characteristics of exhaled flow and affecting the
inhaled air quality for occupants.

The dispersion of exhaled air may act as sources of airborne disease transmission
indoor. This study focuses on characterizing the dispersion of exhaled air under
different ventilation principles, e.g. mixing ventilation and displacement ventilation.
Mixing ventilation, with a vertical temperature gradient of approximate zero, is found
to cause exhaled pollutant mixed and diluted by ambient air rapidly. While the exhaled
pollutant is stratified at certain height due to the blocking effect of the vertical
temperature gradient with displacement ventilation. This blocking effect could cause
increased potential exposure risk for a receptor. Centerline velocity and centerline
concentration are defined in this thesis to quantify the exhaled flow, and the effect of
temperature gradient on velocity decay along the centerline is not as significant as that
on concentration decay. The quantification method for exhaled flow from the manikin
is also applied on human subjects.

Personalized ventilation (PV) can perform as an effective approach to improve inhaled
air quality and reduce contaminant exposure risk for occupants. The present study
indicates that even at low invading velocities, small fraction of personalized air can
still be inhaled by the person facing to PV nozzle. The lower boundary of the turbulent
shear layer of nozzle jet interacts with the rising thermal plume, leading to easier
penetration of the jet centerline to the thermal boundary layer around the person. As
air is inhaled mainly from the rising thermal plume, the interactions of PV air with the
thermal plume in the breathing zone should be carefully considered for optimal
ventilation design.

Breathing characterization with three tools
Three tools: the breathing thermal manikin (BTM), computer simulated person (CSP)

and human subjects are applied to characterize the exhaled flow. Comparisons are
conducted between the CSP and the BTM and between the BTM and human subjects.
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The CSP and the chamber where the CSP locates are generated according to the
experiments by using the BTM with mixing ventilation and displacement ventilation.
The simulations with the CSP can basically agree with experiments with the BTM in
terms of the exhaled velocity magnitude, the flow dispersion directions, and the body
plume development tendencies. There are also deviations and the possible reasons are
briefly discussed. Proper settings with respect to the influencing factors on the
accuracy of simulated results, e.g. grid generation, boundary conditions, turbulence
models, and discretization schemes, etc., may be helpful to obtain better solutions for
this specific kind of problems. Careful considerations and comparisons in every
simulation step are needed in future work.

The BTM is used to mimic human breathing by applying similar geometric and
respiratory configurations to real people. Real human breathing is more complicated
than that of the manikin as expected. The exhaled velocity and concentration of
contaminant seem to be elevated by the manikin due to its simplification in respiratory
pathway. This may cause increased contaminant exposure risk predicted with the
manikin.

Understanding of the characteristics of real human breathing is important for accurate
prediction by using manikins or CSPs. The breathing from human subjects whist
standing and lying are further characterized with the aid of schlieren imaging
technique in terms of flow direction and propagation velocity. The propagation
velocity up is compared with the centerline velocity um, and is found to be always
smaller than un. These two velocities should be carefully distinguished for use. The
um decay can be regressed by a powder function and the up can be roughly predicted
by human physiological parameters. And u, should not be considered as the boundary
setting of initial exhaled velocity in CFD simulations, because it will cause certain
underestimations of the velocity.

CFD has become a promising tool for infection risk assessment. Careful comparisons
of the simulations with the measurements are helpful to improve the accuracy of the
simulations. More data, especially for real human subjects who provide the most
reliable data, will be needed for CFD simulation evaluations.

Limitations

Tracer gas measurements on CO2 or NO2 and visualization of exhaled air by means
of schlieren technique or oil-based smoke can only present the dispersion of gaseous
contaminant or particles with small diameters that have good following feature with
exhaled air. Dispersion and deposition characteristics of large droplets are not
considered in this thesis.

Another limitation may be caused by using small numbers of human subjects and most
of them are Chinese ethnic. Results obtained from human subjects are scattered due
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to individual differences. The exhalation from an individual may also vary over time.
To exclude the influence of these uncertainties on results when quantifying human
breathing, we need to made more attempts on larger number of human subjects to
further enhance our understanding on the complexity of human breathing.

Future work

CFD has become a powerful to predict exposure risk of contamination from a
suspected person. To improve the accuracy of CFD simulations of breathing behaviors,
more information should be obtained from real persons. Deviations between
simulations and experiment data based on reality should be carefully examined in
future work. The influencing factors, such as ventilation pattern, metabolic rate,
humidity and turbulence level in the room may add complexity to the prediction of
exhaled flow dispersion and their effects should be taken into account in future work.
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Influence of air stability and metabolic rate on exhaled flow

Abstract The characteristics of contaminant transport and dispersion of exhaled
flow from a manikin are thoroughly studied in this article with respect to the
influence of two important factors: air stability conditions and metabolic rates.
Four cases with the combinations of stable and neutral conditions as well as
lower (1.2 met) and higher (2 met) metabolic rates for a breathing thermal
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manikin are employed. The exhaled contaminant is simulated by smoke and Aalborg University, Aalborg, Denmark

N,O to visualize and measure the contaminant distribution both around and in
front of the manikin. The results show that the microenvironment around the
manikin body can be affected by different air distribution patterns and
metabolic heating. Under stable conditions, the exhaled contaminant from
mouth or nose is locked and stratified at certain heights, causing potentially
high contaminant exposure to others. In addition, velocity profiles of the
pulsating exhaled flow, which are normalized by mean peak velocities, present
similar shapes to a steady jet. The outlet velocity close to the mouth shows
decrement with both exhalation temperature and body plume. The velocity
decay and concentration decay also show significant dependence on air stability
and metabolic level.
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Practical Implications

Results obtained from experimental studies in this investigation reveal the influence of air stability and metabolic rates
on human-exhaled flow. The concept of air stability can be applied to demonstrate the ‘lock-up phenomenon’ of the
exhaled air under displacement ventilation. The detailed analysis of these two influencing factors on transport and dis-
persion of exhaled air may be helpful to (i) the selection of appropriate ventilation system to minimize airborne
infection risk in indoor environment; and (i) the accurate specification of metabolic levels for manikins or computer-
simulated persons.

Nomenclature 1o characteristic concentration exponent
u area of manikin’s mouth (m>) q instantaneous exhaled flow rate (I/s)
AO maximum flow rate of exhalation (1/s) RMV respiratory minute volume (I/min)
BF breathing frequency (min~") T, ambient air temperature (°C)
. ’ o

Co mean peak concentration at the manikin’s Ty body sur'f.dce temperdtureo( ©

mouth (ppm) Texn exhaled air temperature (°C)

. . t time (s)

CR z:lcj)rr)lr(;e)ntratlon at the exhaust openings TV tidal volume (1)
Cx mean peak concentration at a horizontal " (x, ) ?“e?“ ?eak Veloc1fy at (x, y ) (IT}/ s)

distance of x from mouth (ppm) u(x,y) instantaneous exhaled velocity at .(x, y) (m/s)
h convective heat transfer coefficient U outlet velocity close to manikin’s mouth

.

[W /(> K)] (m/s) . .

h radiative heat transfer coefficient H mean p cak ve'l ocity along the centerline at
r W) (m2~K)] a horizontal distance of x from mouth

K. characteristic constant for concentration glm/ 5) Al di

decay X orizontal distance (m)
K, characteristic constant for velocity decay Z) \f/:;tllfsrllgls(t:—nlge (m)
ny characteristic velocity exponent d y
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Introduction

Human respiratory behavior and the near-human
microenvironment have drawn more attention from
researchers in recent years. Many experimental (Bjorn
and Nielsen, 2002; Brohus, 1997; Brohus and Nielsen,
1996; Gupta et al., 2010; Nielsen et al., 2008, 2009,
2012; Olmedo et al., 2012; Qian et al., 2006, 2008) and
numerical (Chen and Zhao, 2010; Gao and Niu, 2004,
2005; Hayashi et al., 2002; He et al., 2011; Liu and Li,
2012; Liu et al., 2009; Murakami, 2004; Villafruela
et al., 2013; Zhu et al., 2005) investigations have been
carried out to study the characteristics of exhaled flow
dispersion and the region near the body from which
inhalation air is drawn.

Many infectious respiratory diseases, such as tuber-
culosis, human avian influenza, SARS, and flu can be
transmitted directly through air or droplets. It is there-
fore vital to know exactly how the exhaled flow from a
person disperses for the purpose of reducing the infec-
tion risk to the susceptible persons who share the
indoor environment. However, the human breathing
process is complicated, affected by multiple factors,
which can be mainly summarized in these broad terms:
a person’s metabolic rate and activity; ventilation strat-
egy (Chung and Hsu, 2001; Gao et al., 2008; Olmedo
et al.,2012; Qian et al., 2006); ambient air temperature
and humidity (McCutchan and Taylor, 1951; Holmer,
1984); and the local temperature gradient, air velocity
and turbulence around the person. Two of these fac-
tors: temperature gradients and metabolic rates are
studied in the current investigation, keeping constant
all other factors which influence the exhalation charac-
teristics.

With the growing use of displacement ventilation
(DV) to manage ventilation and thermal comfort in
public buildings, the influence of temperature gradients
on human respiratory flow, contaminant distribution,
jets from diffusers and even development of heat plume
have gradually attracted more attention. Many investi-
gations have identified the ‘lock-up phenomenon,’ in
which exhaled contaminants are maintained at high
concentration in the breathing zone when there occur
certain temperature gradients in the occupied zone.
This phenomenon challenges the earlier thinking that
DV provides higher ventilation effectiveness and there-
fore achieves a protective benefit in comparison with
conventional mixing ventilation (MV). Bjern and
Nielsen (2002) found the exhaled contaminant to be
stratified at breathing zone height with a vertical tem-
perature gradient of 0.5°C/m. Qian et al. (20006)
observed thermal stratification locking of the exhaled
droplet nuclei in a hospital ward with DV and reported
that the exhaled flow could penetrate long distances.
Gao et al. (2008, 2012) described similar locking obser-
vations by means of CFD simulation of human-
exhaled droplets. Nielsen et al. (2012) and Olmedo
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et al. (2012) revealed correlations among ventilation
strategies, exhaled flow trajectories and personal con-
taminant exposure. In addition to breathing, emana-
tions from sneezing (Seepana and Lai, 2012), jets from
diffusers (Jacobsen and Nielsen, 1992; Nielsen, 2000),
and heat plumes from different kinds of heat sources
(Kofoed and Nielsen, 1990; Liu et al., 2009) are found
to be significantly affected by certain temperature gra-
dients. Theoretically, the locking phenomenon in
rooms has a parallel in the influence of atmospheric
stability on contaminant dispersion outdoors, which
can be classified in terms of the temperature lapse rate
(Turner, 1970). Gong et al. (2010) pointed out that the
concept of air stability was not only applicable in the
atmosphere but also in indoor spaces because the accu-
mulation or lockup of contaminants could be reason-
ably explained under stable conditions. Several
attempts have been made in this study to reveal the
dependence of the transport and dispersion of exhaled
air on air stability.

Another objective of this article is to study the influ-
ence on exhalation flow and associated contaminant
transport and dispersion between relatively low and
high metabolic rates which vary over a wide range,
depending on the activity, posture, person, and physi-
cal conditions. As increasing information on human
respiration and microenvironment around human
body has been provided by use of thermal manikins or
computer-simulated persons, sufficient consideration
of the metabolic rate and activity level for these
human-like models is needed.

Accordingly, four cases are studied in a two by two
matrix, investigating how airflow and contaminant
transport and dispersion from human exhalation are
influenced by the combined effects of metabolic level
and room temperature structure.

Experimental facilities and method
Test room

All measurements were conducted in a full-scale room
with dimensions of 3.0 m (long) x 2.3 m (wide) x
2.5 m (high) as illustrated in Figure 1. The walls of the
room are well-insulated and can be considered to be
adiabatic. The test room is equipped with whole floor
and whole ceiling ventilation to achieve uniform and
calm environment. Cold and fresh air is continuously
supplied from the right side of the room with a temper-
ature of 17°C. The ventilation system can be alternated
between MV and DV by opening A1 and A2 or B1 and
B2, respectively, see Figure 1a.

It can be expected that vertically distributed temper-
ature is primarily uniform with MV. Stable stratifica-
tion (Gong et al., 2010), with temperature increasing
with height, should be obtained by DV. To create a rel-
atively linear temperature gradient, two radiators (R1
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Fig. 1 (a) Front view of the chamber, with two radiators (R1 and R2) positioned at different heights, vertically distributed thermocou-
ples on pole L2 and the combinations of supply and exhaust openings to realize mixing ventilation (A1, A2) and displacement ventila-
tion (B1, B2). (b) Top view showing the locations of manikin (M), robot and robot arm (RA) with probes (P), three poles with
thermocouples (L1, L2 and L3), two radiators (R2 and R1), and webcam (W). Dimensions are indicated in units of meters

350 W and R2 40 W) are placed in different vertical
heights, as shown in Figure 1. The room attains a uni-
form d7/dy value. At least 4 h of ventilation was
employed to stabilize the room temperature before the
measurements. The heating and breathing for the man-
ikin were operated simultaneously for more than 4 h.
Thus, all experiments can be considered to be under
steady-state conditions.

Measurement facilities

Two kinds of type K thermocouples are used with dif-
ferent functions. The thick ones are equally distributed
on three poles (L1, L2 and L3) to record the tempera-
ture gradients. L1 and L2 each have eleven thermocou-
ples and L3 has six. Thin thermocouples with much
smaller volume and faster response are placed in the
mouth and the nostril and on the body surface. All
thermocouples were calibrated before the experiments
to attain an accuracy of +0.1°C.

The exhalation from the mouth or nose is visualized
by means of oil-based smoke to simulate the release of
droplet nuclei from a real person. The SAFEX fog gen-
erator was applied (Dantec Dynamics A/S type F2010;
Tonsbakken, Skovlunde, Denmark), to generate fine
oil fog, with a mean droplet size of about 1 ym. Smoke
visualization was performed upon two breathing
modes: (i) inhaling through the mouth and exhaling
through the nose; and (ii) inhaling through the nose
and exhaling through the mouth. But for the conve-
nience of measurements, only mode (ii) with a rela-
tively horizontal exhalation was applied to attain
velocity and concentration distribution in the exhaled
air from the mouth.

Nitrous oxide (N,O) with a density close to CO; is
commonly used as a tracer gas to simulate exhaled
contaminants by means of adding approximately 4%
N,O by volume to the exhaled flow (Bjorn and

200

Nielsen, 1996; Olmedo et al., 2012; Qian et al., 2006).
The volume flow rates of N,O were set at 0.35 I/min
for 1.2 met and 0.60 I/min for 2 met, calculated
according to the metabolic rates of the manikin. Mul-
tipoint sampler and doser (INNOVA 1303) and
photoacoustic field gas monitor (INNOVA 1412) were
used to measure the concentrations of N>O with an
accuracy of £1%.

Exhalation velocities were measured with Dantec
54R50 hot sphere anemometer, calibrated horizontally
in a wind tunnel and then placed in the transient
exhaled flow in the same way. The measured velocity
can vary from 0 to 5 m/s. Utilizing a Prema 5017 preci-
sion multimeter and a computer, the velocity was
recorded at a frequency of 10 Hz.

One robot arm (RA) installed on a robot stand was
remotely controlled by a robot controller outside, mov-
ing with a maximum horizontal distance of 1060 mm
and a vertical distance of 1240 mm, so the whole x and
v plane in front of the manikin could be scanned. The
precision of each step was +0.1 mm. The probes (P)
for measuring temperature, velocity, and tracer gas can
be installed on the RA and move with it to different
positions.

Breathing thermal manikin with the metabolic rate of 1.2 met and 2
met

One breathing thermal manikin without clothes
(1.68 m height and 1.44 m” body surface area) was uti-
lized throughout the experimental studies to simulate
an average-sized female. The mouth opening has a
semi-ellipsoid shape, and the area is about 120 mm?.
The nose consists of two cylindrical nostrils with a
diameter of 12 mm. More details about the thermal
manikin can be found in Bjorn (1999). The air is
exhaled through the mouth and inhaled through the

nostrils during these measurements. And the exhaled



flow from both the nose and the mouth are visualized
by the smoke.

According to Fanger’s (1967) heat balance equation
for the human body given a certain metabolic rate,
four major contributions to heat loss should be consid-
ered when calculating a manikin’s heat output with
two metabolic levels. First, as the evaporation of sweat
cannot be realized by an aluminum-shelled manikin,
the contribution of latent heat loss is neglected, despite
some deviation from reality. Second, the latent and dry
heat release from respiration is converted to control
the exhaled temperature at a given value (around
33°C), close to the temperature of real persons’ exhala-
tion from the mouth in the presence of 22°C ambient
air (Hoppe, 1981). Two other parts of heat loss are
through radiation and convection from the body sur-
face, which affect the strength of the body’s thermal
plume directly. Many experimental and numerical
investigations have been carried out to calculate the
radiation, convection, and even evaporation heat
transfer coefficients for human bodies with different
postures, such as sitting or standing (Brohus, 1997; de
Dear et al., 1997; Gao and Niu, 2005; Homma and
Yakiyama, 1988; Murakami et al., 2000; Stampe,
1982; Serensen and Voigt, 2003). For this study, the
metabolic rates of 1.2 met and 2 met are applied and
translated to 70 W/m? and 115 W/m?, respectively, in
accordance with ASHRAE (2009) for an average adult.
The radiative and convective heat releases for the
standing manikin are based on the literature cited
above, see Tables 1 and 2.

It can be seen from Tables 1 and 2 that the heat
flux and heat transfer coefficients applied to the mani-
kin in this study agree well with previous results. The
parameter s, = 2.38 (Tb—Ta)O'25 is calculated according
to the measured body temperature (7},) and the ambi-
ent air temperature (7,) under MV to validate the set-
tings of heat flux (Fanger, 1970). The calculated /. in
this study is in good agreement with de Dear et al.
(1997) and Murakami et al. (2000), as shown in
Table 2. However, a human with the metabolic rate
of 2 met should be walking at an average speed of
3.2 km/h in line with ASHRAE (2009). Nevertheless,

Table 1 Radiative heat transfer coefficient A and heat flux for a standing person in
stagnant air

h? Heat flux
W/m”K)]  (W/m?)

Percentage of

Research Method metabolic heat

de Dear et al. (1997) Experiment 4.5 - -

ASHRAE (1993) Standard 47 - -

Murakami et al. (2000) 1.7 met ~ CFD - 24.3 38.1
Stampe (1982) 1 met Experiment  — 225 353
Stampe (1982) 2 met Experiment  — 369 289
This study 1.2 met (70 W/m?) — — - 238 340
This study 2 met (115 W/m?) - - 345 300

Equation for h, refers to ASHRAE (1993).
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Table 2 Convective heat transfer coefficient A, and heat flux for a standing person in
stagnant air

h? Heat flux ~ Percentage of

Research Method WAM?K)]  (W/m?)  metabolic heat
de Dear et al. (1997) Experiment 3.4 — —

Brohus (1997) Experiment 6.1 - -

Murakami et al. (2000) 1.7 met  CFD 43 243 29.0

Stampe (1982) 1 met Experiment  — 238 373

Stampe (1982) 2 met Experiment  — 40.6 319

This study 1.2 met (70 W/m?) ~ — 37 245 35.0

This study 2 met (115 W/m?) ~ — 40 357 31.0

“Convective heat transfer coefficient A is calculated by equation given by Fanger (1970).

as the manikin used in this experiment is not movable
in the study room, the metabolic rate of 2 met can be
expressed as a person standing still but metabolizing
more rapidly than normal or the transient state
shortly after a person stops walking. The manikin was
built with a simplified structure (Bjorn, 1999) and heat
output from the body can be recognized as the sum of
heat from the internal heating wires (1.2 met corre-
sponds to 30 W and 2 met corresponds to 67 W), heat
release from two small fans inside the body shell
(30 W) and heat losses from an exhalation pipe when
it passes through the manikin’s inner body. Finally,
breathing functions corresponding to given metabolic
rates for the four cases combined with air stability are
summarized in Table 3.

Results and discussion
Temperature gradients in room and concentration distributions

Gong et al. (2010) suggested that the air stability in
rooms be roughly classified into three types: stable,
neutral, and unstable in terms of the directions of tem-
perature gradients. But because of the effect of buoy-
ancy, the unstable thermal condition with negative
temperature gradient is rarely found, in which the air
becomes unstable and easily mixed. Only neutral (zero
gradient) and stable conditions (positive gradient) are
discussed here. Temperature profiles are illustrated in
Figure 2.

Figure 2 demonstrates that the experiments attained
almost uniform thermal conditions in the room at dif-
ferent positions (L1, L2 and L3), but with temperatures
at L1, adjacent to the thermal manikin, a little higher.
No significant temperature differences are found
between Case 1 in Figure 2a and Case 2 in Figure 2b,
indicating essentially identical thermal conditions for
the fully mixed air. On the other hand, Case 3 and Case
4 give different d7/dy values of about 1.5°C/m and
1.8°C/m, respectively, as the manikin operated at 2 met
releases more heat, which causes the steeper slope
shown in Figure 2d.

Figure 3 shows the trajectory of the exhalation from
the mouth and nose for all four cases. It can be
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Table 3 Breathing functions for the thermal breathing manikin with 1.2 met and 2 met metabolic rates under MV and DV

Mean body Exhaled Ambient

Metabolic rate Breathing frequency BF Minute volume RMV temp. temp. air temp.”

ASHRAE (2009) Adams (1993)

_ Heat output® Ty Ton A ACR
Case No. Ventilation (met) (W/m?) (W) (min~") (I/min) (°C) (°C) (°C) (h=)
1 MV 1.2 70 69.6 15.5 8.8 276 325 22 75
2 2 115 101 19 15.2 304 337 22
3 DV 1.2 70 69.6 15.5 8.8 26.3 33 211 10
4 2 115 101 19 15.2 29.4 335 222

ACR, air change rate; DV, displacement ventilation; MV, mixing ventilation.
“Heat output in this table is the total heat release through radiation and convection.
®Ambient air temperature is the average temperature at the manikin's mouth height (1.5 m).

expected that the exhaled flow would penetrate a
longer distance with a higher metabolic rate because of
the higher frequency and volume of breathing. The tra-
jectories of exhaled non-isothermal periodic flow also
have a tendency of bending upward. Significant differ-
ences between stable and neutral thermal conditions
can be observed in Figure 3. The flow from nostrils
with an angle of 45° below the horizontal plane moves
upward at the end and is diluted quickly in neutral con-
ditions, so the smoke in Figure 3a2,b2 presents a
‘right-angle’ shape. But for Figure 3c2,d2, the smoke is
blocked at the manikin’s chest height because the sta-
ble air has a tendency to resist vertical movement
(Gong et al., 2010; Turner, 1970). Air stability has
similar impact on the exhaled flow from the mouth,
yielding a stratification height above the head. How-
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ever, Figure 3d gives a bit lower stratified layer com-
pared with Figure 3c. It can be explained by the larger
temperature gradient for the DV 2 met case. The
dependence of stratification height on the magnitude
of temperature gradient has been observed by Bjorn
and Nielsen (1996, 2002) as well as by Gao et al. (2012)
through experiment and simulation, respectively. Actu-
ally, the air is more stable with a higher d7/dy and
therefore has an increased capacity to resist vertical
movement. The vertical temperature gradient also
seems to slow the plume rise around the manikin (Liu
et al., 2009).

The mean concentration of N,O surrounding the
manikin is examined in detail, as presented in
Figure 4. Earlier studies (Hayashi et al., 2002; Mura-
kami, 2004; Zhu et al., 2005) have shown that the
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— » — - Manikin mouth height
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Fig. 2 Vertical temperature gradients in the room of the four cases: (a) mixing ventilation (MV) 1.2 met, (b) MV 2 met, (c) displace-

ment ventilation (DV) 1.2 met, and (d) DV 2 met
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(a2)

(b2)

(c1)

(c2)

(d1)

(d2)

Fig. 3 Smoke visualization of the exhaled flow from the manikin’s mouth (al, bl, cl and d1) and nose (a2, b2, c2 and d2) with two
metabolic rates and two air stability types: (al) and (a2) mixing ventilation (MV) 1.2 met, (bl) and (b2) MV 2 met, (cl) and (c2)

displacement ventilation (DV) 1.2 met, (d1) and (d2) DV 2 met

inhalation region is mainly around human body and
the highest percentage is from the front part of the
body. Two significant characteristics of the concentra-
tion c¢/cg in dimensionless form can be observed in
Figure 4. One is that the concentration at different
height under DV is lower than MV, when comparing
results at the same metabolic level. This can be
explained by the clean zone created by DV. At chest
and thigh height, the DV yields approximately zero ¢/
cr- As the inhaled air is drawn upward from the lower
zone by the rising air stream caused by metabolic
heating (Hayashi et al., 2002; Murakami, 2004; Zhu
et al., 2005), the person inhales air from the lower
part of the body in DV, protecting him or her from
rebreathing the exhaled contaminant. Another charac-
teristic is that the inhaled concentration for 2 met is
significantly lower than with 1.2 met. It seems reason-
able that higher strength of metabolic heating at 2
met results in more entrainment of ambient air and

higher velocity in the boundary layer around the body
(Liu et al., 2009). It can also be addressed by compar-
ing Figure 3cl with dl. On the right side of the
dashed line in Figure 3d1, the air is relatively clean
under the effect of a stronger body plume and higher
velocity in the main flow for 2 met. Different charac-
teristics of the tracer gas distribution around the man-
ikin body for the four cases indicate that air
distribution patterns in the room and the metabolic
levels influence the microenvironment in the vicinity
of the manikin body.

Figure 5 describes a different trend sampled along a
line segment 0.35 m in front of the manikin. At chest
height and at 2 m, the exposure levels are similar with
those around the manikin in Figure 4. However, at the
breathing height of 1.5 m, owing to the influence of the
stable air conditions, the contaminant exposure for DV
1.2 met with ¢/cr = 8 is considerably higher than for
the MV 1.2 met case, for which ¢/cz =~ 4.7. Olmedo
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Fig. 4 Concentration measurements around the manikin at dif-
ferent heights: thigh, chest, nose, and above head

et al. (2012) and Qian et al. (2006) have stated that the
DV is not suitable for hospital ventilation because a
receptor person facing the source may suffer elevated
cross-infection risk. For the manikin with a higher met-
abolic rate (2 met), the concentrations are comparable
for DV and MV, despite the different air stabilities.
This finding indicates that the effect of air stability is
more significant for lower activity level due to lower
momentum flow.

Velocity profiles of pulsating flow

A manikin connected to artificial ‘lungs’ can produce a
pulsating  sinusoidal  breathing (Bjern, 1999),
corresponding approximately with human respiration
(Gupta et al., 2010). One breathing cycle changing
with time for MV 1.2 met case is presented in Figure 6.

(@) t=1+05s
(under exhalation)

(b) t=1t+1s
(under exhalation)

2.5
* 20 e’
\

A \s\\ \
L. E 15 :>s—>n7
@| s = —

| % -~

| 2 1.0 ——
|| = & — MV 12met
7 --&-- MV 2met
L 0.5 DV-12met
I —6— DV 2met
s 0.0 Ak d L Akl Aedd L PR T T 1 Aednd L

0.0 2.0 4.0 6.0 8.0 10.0
clep

Fig. 5 Concentration measurements at a distance of 0.35 m in
front of the manikin’s face at the heights of chest, mouth, and
above head

The turbulent pulsating flow develops both in width
and length by entraining and mixing the ambient air
when the manikin exhales (Figure 6a—d). During
inhalation, the exhaled air continues to move up and
disperse in vortex rings (Figure 6e,f). In stable air, the
dispersion of exhaled air is slowed and blocked in a
stratified layer. (Results not shown).

A two-dimensional coordinate system is built from
the manikin’s mouth center, as shown in Figure 6f.
The hot sphere anemometer moving with the robot
arm along the x and y axes measures the pulsating
velocity u(x, y). Examples of the measured instanta-
neous velocity at different positions are illustrated in
Figure 7. Only the peak values are extracted and aver-
aged for analysis. As Nielsen et al. (2009, 2012) and
Olmedo et al. (2012) have reported, the pulsating
exhalation flow described by mean peak velocities u (x,
»y) has similar behavior as a steady-state jet. This

(c) 1=1t+15s
(under exhalation)

d) t=1+2s
(the end of exhalation)

(e) t=1t+3s
(under inhalation)

(f)t=1t+35s
(under inhalation)

Fig. 6 One respiration cycle (3.9 s) starting from the beginning of exhalation (¢ = 0) with mouth exhalation and nose inhalation for

Case 1 (mixing ventilation 1.2 met)
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Fig. 7 Pulsating velocity u(x, y) measured by the hot sphere
anemometer every 100 ms for displacement ventilation 1.2 met
case. The coordinate scale is in units of mm

principle is further validated by the velocity profiles
depicted in Figure 8. Downstream of the exhalation,
the peaks gradually disappear, hidden in turbulence
(Nielsen et al., 2009). For 1.2 met and 2 met, the criti-
cal distance for flow dissipation is about 400 mm and
500 mm, respectively.

The instantaneous peak velocity profiles at different
x distances show similarity with the steady-free jet as
shown in Figure 8. An influence of air stability is also
observed, with slightly higher velocity in stable air,
probably because of the restriction of turbulent
entrainment from ambient air under stable conditions
(Liu et al., 2009; Nielsen et al., 2009; Olmedo et al.,
2012). Furthermore, the centerline with maximum
velocity (u,) can be easily determined through the
velocity profiles, which is basically horizontal even
though the profiles do not show a symmetrical shape
to the centerline but rather exhibit an upward
tendency.

Outlet velocity close to the mouth

The outlet velocity from the manikin’s mouth can be
obtained by means of measurement at the nearest
distance to the mouth (here 10 mm is applied) or calcu-
lated from the integral expression assuming that respi-
ration is sinusoidal with respect to time. (See Figure 7).
Both of these methods are employed and compared
with obtain the outlet velocity. However, it was
observed during measurements that the outlet velocity
varies with different thermal conditions, such as iso-
thermal or non-isothermal exhalation and manikin
body, air stability, etc. Only the velocity measured
under isothermal condition is applied as the scale
velocity, uy. This means that the person has the same
breathing frequency (BF) and minute volume (RMYV)

Influence of air stability and metabolic rate
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Fig. 8 Velocity profiles of exhalation from the mouth for (a) 1.2
met and (b) 2 met

as a real case for 1.2 or 2 met, but has no body or
breathing heating. The equation to calculate uy is based
on the isothermal condition. It is noticeable that g is
the mean peak velocity. Another assumption is made
that the velocity is uniformly distributed across the
mouth area. The measuring point (10 mm) is assumed
to lie within the constant velocity core, similar to the
steady-free jet. The u, value is calculated according to
these equations:

G = Asin(wt) (1)
where
n - BF
= 2
»=—0 (2)

Here, ¢ is the instantaneous flow rate (I/s) and A4 is the
maximum flow rate (I/s),which equals u, (m/s) multi-
plied by the area of mouth a (mz). The frequency w
can be obtained from the breathing frequency BF
(min~"). Tidal volume TV = RMV/BF () is obtained
by integrating the flow rate over time, as expressed by
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Equation 3. .
RMV
TV=—"— / dt—/Asm (ot dt—A —— (3)
A
=— 4
T 108 )

Substituting the parameter values from Table 3 into
Equations 1-4 gives uy of 3.90 m/s and 6.57 m/s for
1.2 met case and 2 met case without heating, respec-
tively. The measured u, is 3.94 m/s for 1.2 met case
under non-heated isothermal condition. As the calcu-
lated value agrees well with the measurement, the cal-
culated wu, for the 2 met case under non-heated
isothermal condition is assumed to apply, as this value
of 6.57 m/s exceeds the anemometer’s measuring
range.

The manikin’s exhalation velocity at the centerline
for MV 1.2 met is compared among three thermal con-
ditions: (i) isothermal manikin and isothermal breath-
ing (non-heated manikin); (i) body-heated manikin;
and (iii) manikin operated at 1.2 met (full heated mani-
kin). Results are shown in Figure 9. The outlet velocity
decreases by adding heat load to the body and then to
breathing step by step. The measured exhaled velocity
for the manikin operated at 2 met is 4.94 m/s, signifi-
cantly lower than 6.57 m/s at isothermal condition.
The results indicate that both the exhalation tempera-
ture and the body plume affect the initial velocity from
the mouth.

Hayashi et al. (2002) has pointed out that the inha-
lation region is greatly affected by the rising air stream
generated by metabolic heating. This effect can be
seen in Figure 10a. However, it can also be observed

45
40k
=2 i O (i) Non-heated
g F [
:;( 30 P A (1) Body-heated
= o (iii) Full| heated
g 25FHD
S 20f %
g
T PF &}
= N
s L0F—X&
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: 2 4 2 6 O
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Fig. 9 Velocity at the centerline for (i) non-heated manikin; (ii)
body-heated manikin; and (iii) full heated manikin (Case 1).
The measurements are conducted under mixing ventilation.
The BF and RMV correspond to Case 1

206

that the stream rising from the lower part heated by
human body not only influences inhalation but also
enters the exhalation flow moving up along the mani-
kin’s jaw, as illustrated in Figure 10b. During inhala-
tion, the manikin inspires by nose from the thermal
boundary layer. During exhalation, the flow should
first break through the thermal plume layer. The
momentum is partly consumed when the exhaled flow
tries to penetrate the rising stream. It explains why
the initial velocity is lowered with higher body temper-
ature. Gao et al. (2012) and Liu et al. (2009) also
showed that the temperature gradient may influence
the strength of the body plume and further inhibit the
exhaled air as it penetrates the plume. The reason why
the exhalation temperature also influences the initial
velocity is probably because entrainment is not
perpendicular to the momentum flow due to buoyancy
and may resist it somehow. See Figure 6 and velocity
vectors of real respiration reported by Murakami
(2004). Overall, the detailed flow patterns are compli-
cated and should be further validated.

Exhaled velocity and concentration decay

Nielsen et al. (2009, 2012) and Olmedo et al. (2012)
have found that the dimensionless velocity or concen-
tration in the centerline is inversely proportional to the
demensionless distance using peak values for people’s
exhalation, like the steady-free jet. Thus similar expres-
sions of velocity and concentration decay are given in
the following equations:

Uy x \™
L 5
&) (5)
Cy — CR x \"

=K. 6
Cco — CR (w/ao) ( )

Here, K, and K, are the characteristic constants for
velocity and concentration, respectively, and aq is the
mouth area. The dimensionless velocity u./uq is the

it

Fig. 10 Body plume visualized by chemical smoke during (a)
inhalation and (b) exhalation for Case 1



Table 4 Characteristic constants for velocity and concentration decay

Influence of air stability and metabolic rate

Velocity decay fitting Concentration decay fitting

x/a <2 2 < x/a® <5 x/a > 5 x/a > 10
Cases Ko m K, m lid K, m R K; m R
MV 1.2 met 0.74 —0.004 1.17 —0.58 0.996 55 -1.38 0.969 11.9 -1.18 0.963
MV 2 met 0.78 —0.02 0.84 —0.12 0974 5.46 —1.25 0.9% 10.4 —1.15 0.928
DV 1.2 met 0.71 0.006 1.24 —0.62 0.999 4.4 -1.27 0.992 2.74 —0.6 0.996
DV 2 met 0.79 —0.02 0.86 —0.13 0.998 5.03 —122 0.9% 5.14 —0.78 0.989
Isothermal® 0.98 —-0.18 1.35 —0.59 0.996 3.77 —1.14 0.997 - - -

DV, displacement ventilation; MV, mixing ventilation

“lsothermal condition here is for MV 1.2 met case with identical body and exhalation temperature with the surrounding air.

ratio of u,, the peak velocity along the centerline at
horizontal distance x, to u, the scale velocity obtained
under isothermal condition. The parameters c,, cg and
¢o are peak concentration values measured at x, in the
exhaust of the room and at the mouth, respectively.
Because of the restriction of sampling and analysis
time, the peak concentration ¢, uses the average of
peak values measured for a relatively long time (more
than half an hour) in comparison with u, for a few sec-
onds at one measuring point. The constants and expo-
nents obtained through measurements are listed in
Table 4 for all four cases.

The depiction of velocity and concentration decay in
log—log form is helpful to evaluate the results. Fig-
ure 11 shows the variations of slopes with distance.
The velocity from the semi-ellipsoid mouth for all four
cases has a slope of slightly below zero for x/a,"> < 2,
which can be recognized as the ‘constant velocity core’
similar to a free jet. However, the slope changes to
about —0.6 for the manikin at 1.2 met and to about
—0.12 for the manikin at 2 met when 2 < x/a,’> < 5. It
can be concluded that the ‘constant velocity core’ has
been destroyed to different extents with the impact
being more severe at 1.2 met. Moreover, for longer dis-
tance with x/a,> > 5, the slopes change rapidly to
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Fig. 11 Log—log graph of dimensionless velocity vs. distance in
the centerline for the four cases (solid trend lines are for dis-
placement ventilation)

about —1.25 including the isothermal condition, which
is unique with the former two parts and slightly corre-
sponds to the jet from circular openings with a slope of
—1.0 (Nielsen et al., 2009).

Figure 12 shows different trends than Figure 11.
The influence of air stability on velocity is not as signif-
icant as on concentration. Figures 8 and 11 have
shown the velocity under DV is a little higher in com-
parison with MV. Figure 12 shows that the measured
concentration under stable conditions is obviously ele-
vated above the values obtained in neutral air condi-
tions. From Table 4, the same conclusions can be
inferred by comparing n; and n, under different air sta-
bility conditions (x/a,’> > 5), where the characteristic
exponents for DV are always larger than for MV, indi-
cating slower decay in the thermally stratified case.

To summarize, as the concentration and velocity are
not measured by the same instruments, errors resulting
from measurements may influence the obtained results.
But the similarity of concentration at the same air
stability condition in Figure 12 can be explained by
previous observations of stratified contaminant layer
in Figure 3, which may result in the sampled contami-
nants not only being obtained from the exhaled flow
but also partly from the blocking layer.

A e
=
Q
S
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0.01
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Fig. 12 Log-log graph for dimensionless concentration vs.
distance in the centerline for the four cases
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Conclusions

Two air stability conditions combined with two meta-
bolic rates of a standing manikin have been investi-
gated. Standard metabolic rates of 1.2 met and 2 met
are applied for the manikin with different breathing
functions. The exhaled flow from the mouth can pene-
trate longer distance at higher metabolic level with lar-
ger initial momentum. The results show air stability
not only influences people’s breathing at lower activity
but also at relatively higher levels.

The exhaled contaminant becomes stratified at differ-
ent heights in stable air because of different exhalation
angles and temperature gradients. For mouth exhala-
tion, it is locked above the manikin’s head while for
nose exhalation it is at chest height. The stratification
height decreases with increasing d7/dy. Displacement
ventilation yields a clean lower zone in the room but
also brings stable thermal stratifications at certain
heights, which may resist the vertical movement of con-
taminant. As some researchers have suggested, DV may
not be suitable for occasions with contaminant sources,
such as hospitals or clinics, because the contaminant or
droplet nuclei will not be readily diluted under stable air
conditions, which may cause an elevated cross-infection
risk for a receptor person facing the source.

When measuring the pulsating exhalation flow, the
velocity profiles and decay show similar shapes to those
of a steady jet normalized by its peak velocity. The out-
let velocity under isothermal condition is measured
and calculated for further analysis. The body plume
and breathing temperature affect the outlet velocity
close to the mouth and reduce it when the exhaled flow

References

penetrates the thermal boundary layer. Different char-
acteristics of the tracer gas distribution around the
manikin body for the four cases also indicate that the
near-human microenvironment is closely related to air
distribution patterns in the room and the metabolic
levels of the body.

The air stability affects the decay of concentration
and velocity in different ways. The velocity at a lower
activity level is more significantly affected, whereas the
concentration is considerably higher in stable air in
comparison with in neutral air for both lower and
higher metabolic levels.

In conclusion, this study has investigated the ‘lock-
up phenomenon’ from the perspective of air stability in
room, namely temperature gradients. Human exhala-
tion presents different characteristics influenced by this
phenomenon with different metabolic rates. Sufficient
consideration of air stability pattern in rooms as well
as metabolic level of the human body is needed when
studying human respiration and the near-human
microenvironment.

Acknowledgements

This project is financially supported by China Scholar-
ship Council (CSC), Hunan Provincial Innovation
Foundation for Postgraduate (CX2012B131), Interna-
tional S&T Cooperation Program of China (ISTCP)
(2010DFB63830), Important Science Program of
Hunan Province of China (2010FJ1013), and National
Natural Science Foundation of China (51378186).

Adams, W.C. (1993) Measurement of
Breathing Rate and Volume in Routinely
Performed Daily Activities, Sacramento,
CA, California Environmental Protection
Agency.

ASHRAE (1993) Physiological Principles
and Thermal Comfort (ASHRAE Hand-
book of Fundamentals 8.1-8.29),
Atlanta, GA, American Society of Heat-
ing, Refrigerating and Air Conditioning
Engineers.

ASHRAE (2009) Indoor Environmental
Quality (ASHRAE Handbook of Funda-
mentals 9.1-9.30), Atlanta, GA, Ameri-
can Society of Heating, Refrigerating and
Air Conditioning Engineers.

Bjorn, E. (1999) Simulation of human respi-
ration with breathing thermal manikin.
In: Proceedings of Third International
Meeting on Thermal Manikin Testing,
Stockholm, Sweden, National Institute
for Working Life, 78-81.

Bjorn, E. and Nielsen, P.V. (1996) Passive
smoking in a displacement ventilated

208

room. In: Proceedings of Indoor Air ‘96,
7th International Conference on Air Qual-
ity and Climate, Nagoya, Japan, Vol. 1,
887-892.

Bjorn, E. and Nielsen, P.V. (2002) Dispersal
of exhaled air and personal exposure in
displacement ventilated room, Indoor Air,
12, 147-164.

Brohus, H. (1997) Personal exposure to con-
taminant sources in ventilated rooms, PhD
thesis, Aalborg, Denmark, Aalborg Uni-
versity.

Brohus, H. and Nielsen, P.V. (1996) Personal
exposure in displacement ventilated
rooms, Indoor Air, 6, 157-167.

Chen, C. and Zhao, B. (2010) Some ques-
tions on dispersion of human exhaled
droplets in ventilation room: answers
from numerical investigation, Indoor Air,
20, 95-111.

Chung, K.C. and Hsu, S.P. (2001) Effect of
ventilation pattern on room air and con-
taminant distribution, Build. Environ., 36,
989-998.

de Dear, R.J., Arens, E., Hui, Z. and Oguro,
M. (1997) Convective and radiative heat
transfer coefficient for individual human
body segments, Int. J. Biometeorol., 40,
141-156.

Fanger, P.O. (1967) Calculation of thermal
comfort: introduction of a basic com-
fort equation, ASHRAE Trans., 73,
111.4.1.

Fanger, P.O. (1970) Thermal Comfort-Analy-
sis and Applications in Environmental
Engineering, Copenhagen, Danish Tech-
nical Press.

Gao, N. and Niu, J. (2004) CFD study on
micro-environment around human body
and personalized ventilation, Build. Envi-
ron., 39, 795-805.

Gao, N. and Niu, J. (2005) CFD study of the
thermal environment around a human
body: a review, Indoor Built Environ., 14,
5-16.

Gao, N., Niu, J. and Morawska, L. (2008)
Distribution of respiratory droplets in
enclosed environments under different



distribution methods, Build. Simul., 1,
326-335.

Gao, N., He, Q. and Niu, J. (2012) Numeri-
cal study of the lock-up phenomenon of
human exhaled droplets under a displace-
ment ventilated room, Build. Simul., 5,
51-60.

Gong, G., Han, B., Luo, H., Xu, C. and Li,
K. (2010) Research on the air stability of
limited space, Int. J. Green Energy,
7,43-64.

Gupta, J.K., Lin, C. and Chen, Q. (2010)
Characterizing exhaled airflow from
breathing and talking, Indoor Air, 20,
31-39.

Hayashi, T., Ishizu, Y., Kato, S. and Mura-
kami, S. (2002) CFD analysis on charac-
teristics of contaminated indoor air
ventilation and its application in the eval-
uation of the effects of contaminant inha-
lation by a human occupant, Build.
Environ., 37, 219-230.

He, Q., Niu, J., Gao, N., Zhu, T. and Wu, J.
(2011) CFD study of exhaled droplet
transmission between occupants under
different ventilation strategies in a typical
office room, Build. Environ., 46, 397-408.

Holmer, I. (1984) Required clothing insula-
tion (IREQ) as an analytical index of cold
stress, ASHRAE Trans., 90, 1116-1128.

Homma, H. and Yakiyama, M. (1988)
Examination of free convection around
occupant’s body caused by its metabolic
heat, ASHRAE Trans., 94, 104—124.

Hoppe, P. (1981) Temperatures of expired
air under varying climatic conditions, /nt.
J. Biometeorol., 25, 127-132.

Jacobsen, T.V. and Nielsen, P.V. (1992)
Velocity and temperature distribution in
flow from an inlet device in rooms with
displacement ventilation. In: ROOM-
VENT ‘92, Third International Conference
on Air Distribution in Rooms, Aalborg,
Denmark.

Kofoed, P. and Nielsen, P.V. (1990) Thermal
Plumes in Ventilated Rooms: measure-
ments in stratified surroundings and
analysis by use of an extrapolation
method. In: ROOMVENT ‘90, Interna-
tional Conference on Engineering Aero-

Influence of air stability and metabolic rate

and Thermodynamics of Ventilated
Rooms, Oslo.

Liu, L. and Li, Y. (2012) Simulation of inter-
personal transport of expiratory droplets
and droplet nuclei between two standing
manikins. In: Proceedings of the 10th
International conference, Healthy Build-
ings, Vol. 3, Brisbane, Qld, Australia,
2465-2470.

Liu, L., Nielsen, P.V., Li, Y., Jensen, R.L.,
Litewnicki, M. and Zajas, J. (2009) The
Thermal plume above a human body
exposed to different air distribution strat-
egies. In: Proceedings of 9th Int. Conf.
Healthy Buildings, Syracuse, NY, USA,
Paper ID: 605.

McCutchan, J.W. and Taylor, C.L. (1951)
Respiratory heat exchange with varying
temperature and humidity of inspired air,
J. Appl. Physiol., 4, 121-135.

Murakami, S. (2004) Analysis and design of
micro-climate around the human body
with respiration by CFD, Indoor Air, 14,
144-156.

Murakami, S., Kato, S. and Zeng, J. (2000)
Combined simulation of airflow, radia-
tion and moisture transport for heat
release from a human body, Build. Envi-
ron., 35, 489-500.

Nielsen, P.V. (2000) Velocity distribution
in a room ventilated by displacement
ventilation and wall-mounted air
terminal devices, Energ. Buildings, 31,
179-187.

Nielsen, P.V., Buus, M., Winther, F.V. and
Thilageswaran, M. (2008) Contaminant
flow in the microenvironment between
people under different ventilation condi-
tions, ASHRAE Trans., 114, 632-638.

Nielsen, P.V., Jensen, R.L., Litewnicki, M.
and Zajas, J. (2009) Experiments on the
microenvironment and breathing of a per-
son in isothermal and stratified surround-
ings. In: Proceedings of 9th Int. Conf.
Healthy Buildings, Syracuse, NY, USA,
Paper ID: 374.

Nielsen, P.V., Olmedo, I., Ruiz de Adana,
M., Grzelecki, P. and Jensen, R.L. (2012)
Airborne cross-infection risk between
two people standing in surroundings with

vertical temperature gradient, HVAC&R
Res., 18, 552-561.

Olmedo, I., Nielsen, P.V., Ruiz de Adana,
M., Jensen, R.L. and Grzelecki, P. (2012)
Distribution of exhaled contaminants
and personal exposure in a room using
three different air distribution strategies,
Indoor Air, 22, 64-76.

Qian, H., Li, Y., Nielsen, P.V., Hyldgard,
C.E., Wong, T.W. and Chwang, A.T.Y.
(2006) Dispersion of exhaled droplet
nuclei in a two-bed hospital ward with
three different ventilation systems, Indoor
Air, 16, 111-128.

Qian, H., Li, Y., Nielsen, P.V. and
Hyldgard, C.E. (2008) Dispersion of
exhalation pollutants in a two-bed
hospital ward with a downward
ventilation system, Build. Environ., 43,
344-354.

Seepana, S. and Lai, A.C.K. (2012) Experi-
mental and numerical investigation of
interpersonal exposure of sneezing in a
full-scale chamber, Aerosol Sci. Technol.,
46, 485-493.

Serensen, D.N. and Voigt, L.K. (2003)
Modeling flow and heat transfer
around a seated human body by com-
putational dynamics, Build. Environ.,
38, 753-762.

Stampe, O.B. (1982) Glent Ventilation, 2nd
edn, Hvidovre, Glent & Co (in
Danish).

Turner, D.B. (1970) Workbook of atmo-
spheric dispersion estimates. Office of Air
Program Pub. No. AP-26, Environmental
Protection Agency, USA.

Villafruela, J.M., Olmedo, I., Adana, M.R.,
Méndez, C. and Nielsen, P.V. (2013)
CFD analysis of the human exhalation
flow using different boundary conditions
and ventilation strategies, Build. Environ.,
62, 191-200.

Zhu, S., Kato, S., Murakami, S. and
Hayashi, T. (2005) Study on inhalation
region by means of CFD analysis and
experiment, Build. Environ., 40,
1329-1336.

209



APPENDIX B.

EFFECT OF AIR STABILITY ON THE
DISPERSAL OF EXHALED CONTAMINANT

IN ROOMS

The paper presented in Appendix B is published in Proceedings of
SET 2013 : 12th International Conference on Sustainable Energy
Technologies, The Hong Kong Polytechnic University, 2013.8.27-
2013.8.29.

SET 2013

12th International Conference on Sustainable Energy Technologies
Hong Kong, China (26" - 29" August 2013)



http://vbn.aau.dk/en/publishers/the-hong-kong-polytechnic-university(4a03d974-8083-4567-995d-b949945c2d3b).html

12t International Conference on Sustainable Energy technologies (SET-
2013)

26-29th August, 2013

Hong Kong

Paper ID: SET2013-401

Effect of Air Stability on the Dispersal of Exhaled Contaminant in
Rooms

Chunwen Xu'”, Guangcai Gong?, Peter V. Nielsen?, Li Liu?, Rasmus L. Jensen? and
Hangxin Li*

College of Civil Engineering, Hunan University, Changsha 410082, China
2Department of Civil Engineering, Aalborg University, Aalborg 9000, Denmark

*Corresponding email: xew@hnu.edu.cn

ABSTRACT

Experiments are conducted in a full-scale chamber equipped with whole floor and
whole ceiling supply or exhaust to form approximately zero and larger temperature
gradients corresponding to unstable and stable air conditions. It can be observed
that the air with smoke exhaled from a life-sized thermal manikin is locked and
stratified at certain heights at stable condition while it mixes well with the ambient
air and is diluted quickly through upper openings when the air is relatively unstable.
The concentration of contaminant simulated by tracer gas (N2O) is measured both
around and 0.35m from the manikin, indicating that the person who exhales the
contaminant may not be polluted by himself because of the protective effect of the
thermal boundary layer around the body, especially in stable condition with two
concentration zones and clean air drawn from the inlets. However, other persons
facing the respiration some distance away may suffer higher contaminant exposure
if the air in room is quite stable and contaminant from the mouth can penetrate a
longer horizontal distance. In addition, the air stability slightly changes the velocity
profiles, giving higher velocity decay and more turbulent mixing with surrounding
air at unstable air condition.

KEYWORDS: air stability, contaminant, exhalation, full-scale experiment

1 INTRODUCTION

Air stability which exists in indoor environment similarly with the atmosphere
impacts the vertical and horizontal diffusion of exhaled contaminant in rooms.
Atmospheric stability is commonly evoked in many dispersion studies as the single
parameter used to define the turbulent state of the atmosphere or to describe the
dispersion capabilities of the atmosphere [1].Pasquill and Gifford mainly classified
the atmospheric stability into six types designated as A (highly unstable or
convective), B (moderately unstable), C (slightly unstable), D (neutral), E
(moderately stable), and F (extremely stable). Later Turner further improved the six
indices leading to general use of stability indices 1-6 corresponding to A-F and these
are widely used in plume models [2]. The concept of indoor air stability based on the
theory of atmospheric stability is proposed and is briefly classified into three indices



Paper ID: SET2013-401
By Chunwen Xu, Guangcai Gong, Peter V. Nielsen, Li Liu, Rasmus L. Jensen
and Hangxin Li

according to the temperature lapse rate in rooms, that is stable, neutral and unstable
[3].

With the increasing implementation of displacement ventilation as comfort
ventilation in indoor environment, more and more phenomena of air stability are
ohserved because of the significant temperature gradients compared with almost zero
temperature gradients under mixing ventilation. Bjorn and Nielsen [6] discovered that
air exhaled through the mouth can lock in a thermally stratified layer, if the vertical
temperature gradient in breathing zone height is sufficiently large. Nielsen and Liu et
al. [4,5] also found that the exhalation from a manikin was almost “locked” through
smoke visualization and the velocity decay was slower at thermal stratified
surroundings. By comparing different ventilation strategies such as no ventilation,
mixing ventilation, downward ventilation and displacement ventilation, Qian et al. [7]
and Olmedo et al. [8] both indicated the exhaled jet penetrated a short distance and is
diluted quickly by ventilated air under mixing and downward ventilation but can
penetrate a long distance for displacement ventilation. Olmedo et al. [8] and Nielsen
et al. [9] also pointed out that the upward trend of the warmer exhaled flow form
people was significant for mixing and no ventilation while it was inhibited somehow
for displacement ventilation and the flow turned out to be more horizontal. However,
these studies mainly focus on comparing the characteristics of different ventilation
strategies, neglecting the nature of these phenomena was caused by air stability. In
fact for stable condition leading to difficult upward or downward motion of the air

parcel or contaminant , the temperature lapse rate of indoor air 7 (¥ = 97 / 97) is
negative, which corresponds to the temperature gradient in displacement ventilation.
As the highly unstable type with positive 7 is rarely found in indoor environment due
to the effect of buoyancy mixing the air well from warmer lower zone to colder upper
zone, the condition with approximate zero 7 which is classified as neutral in
atmosphere filed can be recognized as unstable in room.

Since the stable condition which may cause contaminant “blocking” at certain height,
high concentration exposure to individuals and more risk of cross infection[7,8], it
should be paid more attention to, particularly on occasions with contaminant source
or diseases like in hospitals. On the other hand this blocking phenomenon can be
utilized to find the best positions of exhausts. The objective of this study is to further
validate the effect of air stability on the dispersal of exhaled contaminant in rooms as
human beings can act as contaminant sources in indoor environment by exhaling
carbon dioxide, and sometimes even infectious bacteria or viruses and to give a
thorough examine of the different characteristics of the effect of stable and unstable
room air on contaminant dispersion.

2 METHODS
2.1 Test room

Experiments are conducted in a full-scale room (3m* 2.3m* 2.5m) with whole floor
and whole ceiling ventilaiton. Different temperature lapes rates namely different
ventilation strategies can be obtained by supplying cold air through floor or ceiling
from the right side and exhausting the air through ceiling or floor from the left side.



Paper ID: SET2013-401
By Chunwen Xu, Guangcai Gong, Peter V. Nielsen, Li Liu, Rasmus L. Jensen
and Hangxin Li

Fig.1 illustrates the displacement ventilaition (DV) with cold air supplied from the
bottom of the room and beening heated by the heat sources (the manikin and
radiator) .Both the ceiling and floor are double-skinned with cavities of 15cm high.
The walls of the test room are well insulated. Likewise, if the cold air from the left
side enters the ceiling cavity firstly and leaves the room through the floor cavities,
opposite to which Fig.1 shows, the mixing ventilation (MV) condition can be
realized. Small holes with a diameter of 1cm and 5¢cm’s distance between each other
distribute equally both on the inner floor and the inner ceiling, ensuring the flow in
the room is uniform. The air change rate is applied with 8 and 10h-*for mixing
ventilaiton and displacement ventilaiotn respectively. The velocity caused by
ventilaiton is measured by distributing the anemometer in differenct positions in the
room before the start of exhalation velocity measurements . It is found that the speed
is always lower than 0.03m/s and that can be ignored considering the infuence of it
on the exhalaiton.

- == M B T, SO0 WO (s B 0 T R

o 17

Fig.1 Schetch of the displacement ventilation with thermal manikin(M), radiator(R) and vertically
distributed thermocouples(L2)

2.2 Instruments and measuring method

The air temperature is measured by type K thermocouples at different positions with
three poles L1,L2 and L3 respectively on the right side of the manikin, in front of
the manikin and in the center of the room. For both L1 and L2, eleven
thermocouples are distributed equally in the vertical line with an average distance of
250mm between two thermocouples and only 5 thermocouples for L3. Four
thermocouples are sperately pasted on the manikin’s head, chest, stomach and leg
with silicon paste to measure the temperature of the body. Velocity of the exhalation
is tested by Dantec 54R50 hot sphere anemometer. N»O is used as the tracer gas and
is measured by INNOVA 1303 Multipoint Sampler and Doser and INNOVA 1412
photoacoustic field gas-monitor. Six plastic tubes are connected to the sampler
channels with three pasted on the manikin’s chest, hips and one in nosetril. The
concentration of the exhaust air is measured by one of the six tubes and the other
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one is put in the lab to ensure the safety level of the working person. One of the tube
is bounded with the hot sphere anemometer and is put on a movable robot arm in
front of the manikin to measure the cocentration and velocity at different positions.
The robot arm controled by the robot controller from the outside of the room can
move both at X and Y direction with a precison of 0.1mm. After more than 3 hours’
ventilaiton and thermal manikin’s breathing the steady state is achieved.

2.3 Thermal manikin

One breathing thermal manikin is used to simulate the breathing and body plume of
an average-sized woman. Detailed size and body shape can be found in literature
[10]. The manikin inhales through nose and exhales through a semi-ellipsoid mouth
and the breathing is a sinusoidal flow produced by a mechanical lung where the
breathing frequency and volume flow can be set. The velocity from the mouth is
measured and recorded and only the peaks velocities are used for analysis. The peak
velocity up at 0.02m away from the mouth is tested under isothermal condition and it
is 4.53m/s. Table 1 shows the basic setup of the manikin. Four transformers are used
in the experiments to change and get the accurate power supply for two radiators,
mankin’s body heating wires and the heating pipe for exhalation. In order to get
linear temperature gradients for displacement ventilation, two radiator at different
vertical height are applied with 350w heat realse from the taller one and only 30W
for the lower one. The larger heat load in displacement ventilaiton leads to higher
temperature in the room and higher temperature of the exhaled air because the

exhaled air temperature is affected by the ambiant air as illustrated by P.Hoppe[11].
Table 1. Manikin’s breathing function and heat sources in the room

A . Exhalatio i Volume
o C Radiat Manikin ~ Body Breathing Minute  flow
Venti or heat heat tempera
. R temperatu frequency  volume  rate of
lation . output output ture oy -
[h re C [min] [IV/min]  N20
DV 8 380 344 96 294
17.6 0.35
MV 10 0 32 99 28.7

3 RESULTS AND DISCUSSION
3.1Temperature lapse rates and smoke visulazition

Temperatures in different positions at the same vertical height is uniform with nearly
the same trends for L1, L2 and L3, as shown in Fig.2. It can also be seen from Fig.2
that environmental temperature lapse rate 7 is about zero with mixing ventilation and
is around -1.5°C/m with displacement ventilation which is a quite stable condition .
But for DV L2 the temperature from 1.5m to 2m is higher than the surrounding air
maybe because L2 is placed facing the manikin and the exhaled flow can penetrate
longer distance at stable condition and reach L2.
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Fig.2 Vertical temperature gradients under mixing ventilation (MV) and displacement ventilation (DV) at
different positions in the room

Smoke generated by SRFEX F2010 fog generator is added to the manikin’s
exhalation and then the preheated smoke with air is exhaled through the mouth at a
certain speed. For the stable condition, shown in Fig.3(a), the smoke can penetrate a
longer distance and the vertical motion of the smoke is inhibited, causing a more
horizontal flow. While the unstable environment makes the smoke mix well with the
surrounding air and bend significantly upwards due to higher exhalation temperature
compared with the surrouding air, shown in Fig.3(b). Another significant difference
between the two conditions is that for stable room air there is stratified smoke layer
above the manikin’s head where the smoke accumulates and is affected by the
temperature gradient, making it difficult to move both up and down. These
phenomena are also observed by Liu et al. [4,5], Bjorn and Nielsen [6], Qian et al. [7],
Olmedo et al. [8] . In addition, a two-zone model can be predicted for stable condition

[6].
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(@) (b)
Fig.3 Exhaled flow at stable condition (a) and unstable condition (b)

3.2 Velocity and concentration decay

The velocity and cgncentration decay are calculated by the following equations:
UX

Yy X
w e

CX _C]\’ — K(i)[ﬂ (1)

Co.04 — Cp \/g

Where, uy,Uo, Kexp and a are the peak velocity of the x horizontal distance from the
mouth, peak velocity from the mouth, characteristic constant of velocity decay and
the area of manikin’s mouth (123mm?). Cy is the averaged concentration values
measured at a horizontal distance of x from mouth, Cr the concentration at exhaust
and Co o4 concentration 0.04m from the mouth. For Equation (1) the velocities are all
peak velocity but as the tracer gas sampler and analyzer is not fast enough to capture
the peaks as the anemometer does, only averaged concentrations are applied for
Equation (2).

)
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Fig.4 Velocity decay of stable and unstable conditions in the centerline of the exhalation

For the first few points close to the manikin’s mouth, the velocity decreases slowly
and the velocity of unstable condition is slightly higher than stable condition due to
higher exhalation and body temperature in DV. However, the velocity decays faster
for unstable condition compared with the stable with the dashed line always higher
than the solid line, shown in Fig.4. The reason for the difference of velocity decay is
probably caused by the inhibited turbulence entrainment of the exhaled flow for
stable condition. And since the flow can rapidly mix with the ambient air and diffuse
upwards for unstable condition after it goes out from the manikin’s mouth, the
momentum of the flow dissipates quickly and decreases faster. Similarly, the
concentration for stable is significantly higher which can be concluded both from
Table 2 and Fig.3. The tracer gas mixes well with the room air and velocity
decreases more quickly for unstable with higher Kc.

Table 1. Cosntants of the velcotiy and concentration decay

Kexh nl Kc n2
Stable 3.8126 -0.909 5.0369 -0.889
Unstable 3.5386 -0.922 14.138 -1.423

3.3 Concentration of N20 in different positions
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Fig.5 concentration of N20 close to the mankin at hip, chest, nose and above head (a) and 0.35m from the
manikin at 1.2m,1.5m and above head

Tracer gas NoO which has the same molecular weight with CO; is added to the
manikin’s exhalation by inserting a pipe from the gas tank to the manikin’s mouth.
As it is expected before, under displacement ventilation which is a typical stable
condition the concentration of pollutant is much higher than that under unstable
because the stability blocks turbulent development of the pulsating jet and entrains
less ambient clean air to the exhalation.

DV creates a cleaner zone at the lower part of the room. Because of the body plume,
cleaner air from the floor is entrained and heated to move up, giving a lower
contaminant exposure of inhalation from the nose, as shown in Fig. 5(a). The
exposure of inhalation is lower for DV than that of MV not only because of the
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cleaner air entrained from the lower and cleaner zone but also due to the ventilation
pattern with fresh air supplied from the floor.

Concentration for stable is over two times higher than unstable at some distance from
the manikin because the concentration decreases much slower than unstable. At 1.2m
height, The concentration is close to zero for stable as it’s located at the cleaner zone
created by DV. This can also be seen from Fig.5(b).

4 CONCLUSIONS

For stable air condition, the upward trend of pulsating exhalation from a person is
relatively weak because the stable air blocks the upward movement of the flow, and
the flow can penetrate a longer distance. It can be observed that the air with smoke
exhaled from a life-sized thermal manikin is locked and stratified at certain heights at
stable condition while it mixes well with the ambient air and is diluted quickly
through upper openings when the air is relatively unstable.

The concentration of contaminant simulated by tracer gas (N2O) is measured both
around and 0.35m from the manikin, indicating that the person who exhales the
contaminant may not be polluted by himself because of the protective effect of the
thermal boundary layer around the body, especially in stable condition with two
concentration zones and clean air drawn from the inlets. However, other persons
facing the respiration some distance away may suffer higher contaminant exposure if
the air in room is quite stable. In addition, the air stability changes the velocity
profiles, giving higher velocity decay and more turbulent mixing with surrounding air
at unstable air condition.
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Measuring the exhaled breath of a manikin and human subjects

Abstract Due to scarcity of accurate information and available data of actual
human breathing, this investigation focuses on characterizing the breathing
dynamic process based on the measurement of healthy human subjects. The
similarities and differences between one breathing thermal manikin and the
human subjects, including geometry and breathing functions, were thoroughly
studied. As expected, actual human breathing is more complicated than that of
the manikin in terms of airflow fluctuations, individual differences, and exhaled
flow directions. The simplification of manikin mouth structure could result in
overestimated exhaled velocity and contaminant concentration. Furthermore,
actual human breathing appears to be relatively stable and reproducible for an
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validation and accuracy assessment of CFD simulations.

Practical implications

individual person in several conditions and is also accompanied by some
uncertainties simultaneously. The averaged values are used to analyze the
overall characteristics of actual human breathing. There are different
characteristics of the exhaled breath between male and female subjects with or
without wearing a nose clip. The experimental results obtained from the
measurement of human subjects may be helpful for manikin specification or
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A number of studies relevant to human breathing have been performed upon manikins or computer-simulated per-
sons, but few relevant data have been provided to validate the accuracy of the predicted results. The aim of this inves-
tigation was to fill the gap by measuring the actual breathing of human subjects. The reliability of manikin experiment
or CFD simulation of mouth breathing can be evaluated by the experimental data provided in this paper, and the
results may be helpful in improving our current understanding of actual human breathing.

Introduction

Human respiratory activities can act as sources of
infectious disease transmission. The World Lung
Foundation has reported over four million deaths each
year caused by acute respiratory infections (ARIs),
including pneumonia, influenza, and respiratory syncy-
tial virus (RSV), which are mainly transmitted through
airborne droplets. Earlier studies (Duguid, 1946; Xie
et al., 2007; Morawska et al., 2009; Chao et al., 2009;
Redrow et al., 2011) have thoroughly studied coughing
and sneezing that are generally considered of higher
infectious risk, while some influenza viruses have been
found present in human breathing (Fabian et al., 2008;
Milton et al., 2013; Stelzer-Braid et al., 2009). Papine-
ni and Rosenthal (1997) even found higher concentra-
tion of droplets (>1 pm) from mouth breathing than
coughing in one test subject. Based on disease control
and health consideration, accurate prediction of
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human breathing with high flow volume and frequency
in human life should be also of concern.

To substitute human respiration in an indoor envi-
ronment, various types of thermal manikins and com-
puter-simulated persons (CSPs) have been developed
and used. As a powerful tool for indoor climate
research, some otherwise hazardous methods or
techniques to humans become possible by using
these breathing thermal manikins. These methods
include gas or particle tracing methods, smoke visuali-
zation as well as phase Doppler anemometry (Spitzer
et al., 2010). The manikins are used to explore the
role of human respiratory behavior in the spreading
of infectious disease between occupants (Bjern and
Nielsen, 2002; Brohus and Nielsen, 1996; Nielsen
et al., 2007, 2008, 2010; Olmedo et al., 2012, 2013;
Qian et al., 2006, 2008). Breathing thermal manikins
also contribute to the validation of the computational
fluid dynamics predictions as well as the design and



optimization of indoor environment. Admittedly, some
well-designed and sophisticated manikins (Bjeorn, 1999;
Bjorn and Nielsen, 2002; Melikov and Kaczmarczyk,
2007) can represent human breathing and the thermo-
physiological properties to some satisfying degree, but
the difference in results between these human-like mod-
els and actual human beings remains a question. Com-
pared with the substantial information on manikin or
CSP breathing, only a few published studies have pro-
vided accurate information about actual human
breathing (Gupta et al., 2010; Tang et al. 2013). This
investigation will specify the dispersion of mouth
exhaled breath by measuring human subjects and
explore the characteristics of human breathing.

CFD simulations were set to utilize available physio-
logical parameters obtained from human subjects as
input for boundary settings, and most of these simula-
tions had further simplifications of these parameters to
save computing time or cost. For example, the compli-
cated mouth structure was replaced by a circular open-
ing with comparable areas in some studies or the
periodic breathing was substituted by constant velocity
or flow rate. However, the dispersion of exhaled air-
flow and the propagation of a contaminant may be
sensitive to these changes or simplifications (Nielsen,
2004). Additionally, even though the input of physio-
logical parameters is kept consistent with those of
humans, simulations could result in an inaccurate out-
come. Thus, comparisons with actual human data are
needed. But no relevant literature has reported the dis-
crepancies between the predicted data derived from the
manikins or CSPs and reality. Hence, this investigation
explores the similarity and differences of human
breathing between a standard manikin and human sub-
jects and focuses on characterizing human breathing to
provide experimental data for CFD validation or
model improvement.

Methods and design
Manikin vs. human subjects

The investigation uses a breathing thermal manikin
made with a simple geometrical shape in accordance

(@)
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with a life-sized woman. This manikin was developed
by Aalborg University and was designed to be similar
to another average-sized manikin with the accurate
geometrical likeness of a real person (Bjorn, 1999).
This series of manikins have been widely used in earlier
studies to investigate characteristics of human breath-
ing and evaluate indoor air environment (Bjern and
Nielsen, 2002; Brohus and Nielsen, 1996; Melikov and
Kaczmarczyk, 2007; Nielsen et al., 2007, 2008, 2010;
Olmedo et al., 2012, 2013; Qian et al., 2006, 2008).
The nose of the manikin consists of two circular nos-
trils with a diameter of 12 mm (according to Grymer
et al., 1991), 45° below the horizontal plane and an
intervening angle of 30° between the vertical planes.
The mouth opening (about 120 mm?) is semi-ellipsoid
shaped and directly connected to an artificial lung by a
tube (inner diameter 10 mm), as shown in Figure 1.
The sizes of opening areas and spreading angles all fall
within the equation limits reported by Gupta et al.
(2010) by measuring on human subjects who were
smoking and exhaling smoke. This manikin also com-
plies with the important characteristics and require-
ments for a breathing thermal manikin as proposed by
Melikov (2004), which can be recognized as a ‘stan-
dard’ manikin in the present studies.

To be as realistic as an average human subject,
the manikin was placed at a metabolic level of 1.2met
in line with ASHRAE (2009) and Adams (1993) —
70W/m?, breathing at a respiratory frequency of
15.5 min~" and a minute volume of 8.8 I/min. The
breathing function of the manikin was realized by an
artificial lung, presenting a sinusoidal airflow shape
and corresponding approximately with human respira-
tion (Gupta et al., 2010). The component of CO, in
exhalation was simulated by use of nitrous oxide
(N,O) with 4% by volume. As the exhaled air from the
manikin was not saturated with water vapor, the tem-
perature of exhalation by using ambient air mixed with
N,O should be corrected. The mean exhalation tem-
perature was set as 34°C when the ambient tempera-
ture was 20°C (Bjorn, 1999; Hoppe, 1981).

Douglas et al. (1983) found varying respiratory fre-
quency (RF) between nasal and mouth breathing. If it
is proved to be true, the RF for the manikin should be

tube to the “lung”

___-___“;“\‘
il

I
| i
"

Fig. 1 Visualization of nasal (a, b) and mouth (c) exhalation from the manikin
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adjusted according to different breathing routes.
Human volunteers (young adults, 20 males and 11
females) went through two sets of tests (standing
relaxed and walking at a normal speed) to count the
RF, respectively, during four breathing patterns: (i)
free breathing, (ii) inhaling through nose and exhaling
through mouth, (iii) nasal breathing, and (iv) mouth
breathing. The last three patterns are usually applied
to a breathing manikin for experimental purposes. But
no significant differences were found among the four
breathing routes because different organs were used.
This finding was in alignment with Gupta et al. (2010).
Also, the mean RF of all four patterns for standing
and walking subjects, respectively, corresponded well
with the RF offered by Adams (1993) at 1.2met and
2met. Relevant figures can be found under Supporting
Information.

The velocity and concentration in the exhaled air of
the manikin and the human subjects were measured.
Human subjects were required to breathe in two
modes: (a) inhaling through nose and exhaling through
mouth and (b) mouth breathing only. A nose clip was
attached when only mouth breathing was allowed. The
breathing manikin used only mode (a). Table 1 lists
the numbers of volunteers involved in different experi-
ments. Table 2 gives the basic information of the sub-
jects for velocity measurements. Systematic differences
might occur between ethnic and geographical groups,
but the obtained results from both Chinese and Euro-
pean subjects were combined for analysis.

Measurement facilities and procedures

The measurements were conducted in a 3.0 x
2.3 x 2.5 m chamber, equipped with complete ceiling
and complete floor ventilation. Cold air (17 + 1°C)
was supplied from the ceiling and exhausted through
the floor. The air change rate was set at 7.5/h. Temper-
ature measurements were made at three positions
(poles L1, L2, and L3) at eleven heights, and the ambi-
ent air temperature was almost constant at about 22°C
when performing experiments on the manikin or real
persons. Figure 2a shows the experimental domain
with locations of the manikin or persons and the robot
used to carry the measuring probes. A holder with a
height-adjustable bar is used to support the head of
a human subject in case of any movement during

Table 1 Numbers of volunteers for different experiments

Types Male Female
RF (standing and walking) 20 "
Velocity

(a) Nose in and mouth out 15 8

(b) Mouth only 15 8
CO, concentration

(a) Nose in and mouth out 2 3
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Table 2 Mean and range values of the subjects involved in velocity measurement

Male Female

Age 26 (23-35) 27 (21-33)
Chinese subject no. 9 6
European subject no. 6 2
Weight (kg) 71.8(52.9-95.0) 53.3 (46.0-70.4)
Height (cm) 175.9 (160.0-186.0) 164.8 (158.0-171.0)
BSA (m?) (Du Bois and 1.87 (1.57-2.20) 1.56 (1.44-1.82)

Du Bois, 1989)
MV (I/min) (Gupta et al., 2010) 9.78(8.21-11.48) 7.22 (6.67-8.45)

BSA, body surface area.
MV is the minute volume with sitting posture and nose breathing (Gupta et al., 2010).

measurements, as presented in Figure 2b. A coordinate
system is defined from the center of the mouth (Fig-
ure 2b). Probes for measuring temperature, velocity,
and concentration can be installed on the robot arm
and move along the two directions in the axis x and y.

The exhaled temperature along the x axis was mea-
sured first, followed by velocity and concentration
measurements. The temperature was used for the refer-
ence of anemometer calibration (Dantec 54N50 hot-
sphere anemometer, constant-temperature type, devel-
oped by DANTEC Dynamics A/S). The measured
velocity may be influenced by surplus temperature and
humidity in the exhaled air. Figure 3 illustrates the
temperature changes with x by using a thin thermocou-
ple. When x = 0, it means the thermocouple was put in
the mouth of the manikin or the human subject, not
touching the inner surfaces of the mouth cavity. Over
2 min of mouth breathing was required for human
subjects, and the breathing temperature fluctuations
changing with time were recorded. Figure 3 shows one
example (Male No. 12). The peak temperatures were
extracted and then averaged for analysis. The ambient
air was kept around 22°C with a measured maximum
temperature difference of 0.5°C between each measure-
ment. The exhaled temperature varied from 32 to 36°C
among individuals and decreased rapidly with increas-
ing x. The temperature decay of human subjects was
faster than that of the manikin due to readily mixing
with cold ambient air. At x ~ 3 cm, from which the
velocity measurement took place, the exhaled tempera-
ture of subjects dropped to merely 24-26°C, and the
influence of temperature was ignored as the density
difference between the exhaled air (24°C) and the cali-
bration air (22°C) was negligible. Likewise, due to the
complicated fluctuations and decay of humidity
(maximum RH of about 80% at x ~ 3 cm, tested by
HygroDat 100), the influence of humid air was not
considered in this work, although a velocity error of
1-5% might occur for a constant-temperature ane-
mometer due to the influence of humidity (Larsen and
Busch, 1980).

The anemometer was calibrated in a jet-wind tunnel,
horizontally positioned, in the presence of 22°C ambient
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(b)

Fig. 2 (a) Configuration for the test chamber with a manikin or a person (M), three poles (L1, L2, and L3) carrying thermocouples at
11 different heights, robot (R), and robot arm (RA) with probes (P). (b) Velocity measurement of one male subject without nose clip.

Dimensions are indicated in units of meters
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Fig. 3 Exhaled temperatures changing with x distance. (x = 0
accounts for the temperature measured in a subject’s mouth)

air. The instantaneous velocity range of the anemome-
ter was from 0.05 to 5 m/s, with Omni directional
direction sensitivity and a working temperature range
of 18-35°C. Jensen et al. (2007) have tested the
dynamic properties of the hot-sphere anemometer in a
highly transient sine flow, and the anemometer
responded well to transient fluctuations. Human exha-
lation is highly transient, and it is measured by a con-
stant-temperature anemometer. The measurements,
control, display, and analysis were performed with a
Prema precision multimeter (10 Hz) and the LabVIEW
software package.

The direction of velocity cannot be detected by using
a constant-temperature anemometer. But compared
with other techniques for velocity measurement, such
as the PIV or LDA, the application of the thermistor
sensor is safe for human experimentation and conve-
nient to operate. Actually, a number of studies have
reported the implementation of the constant-tempera-
ture type anemometer for measuring expiratory param-
eters (Araujo et al., 2004; Ferreira et al.,, 2001;

Kandaswamy et al., 2002; Silva et al., 2002). To dimin-
ish the influence of the sensor dimensions, only one
anemometer was used. Four distances, x ~ 3 cm,
x =8 cm, x = 14 cm, and x = 24 cm, were selected to
obtain the velocity profiles on these four vertical sec-
tions along y direction.

The N,O which has the same molecular weight with
CO, was used for manikin experiment as a tracer gas
to mimic the content of CO, in human exhalation. The
volume fraction of N,O in the exhaled air of the mani-
kin was set as 4%. And no extra gases were added to
human experiments as CO, is a natural tracer gas
indoors. Multipoint sampler and doser (INNOVA
1303) and photoacoustic field gas monitor (INNOVA
1412) with an accuracy of +1% were applied. Four
horizontal measuring points were located in front of a
person.

Results
Pulsating breathing velocity

Figure 4a and b illustrate the breathing velocity profile
of the manikin and a male subject, respectively. As the
velocity directions cannot be acquired by the hot-
sphere anemometer, the measured instantaneous veloc-
ity magnitude should never be negative. During the
inhalation process, the velocity was still above zero.
The remaining velocity after the exhalation process
within one breathing cycle was probably caused by the
inhaled airflow through the nostrils (no clip) or the
mouth (clip on), combined with the impact of con-
stantly rising thermal plume adjacent to the body. In
addition, in the vicinity of the manikin body, the plume
resulted in a maximum velocity of 0.2 m/s. Extrapolat-
ing from the evidence mentioned previously, the

191



Xu et al.

(a)

. 2.0 1 4(70,0) ((250,0)
E 164~~~ ul700) - u(250,0)
; 1

z

S

2

[-T]

=

=

=

2

2

Time (s)

—_
O
-~

Breathing velocity (m/s)

1.0 4

05

(80,10)
- = - u(80,10)

. = N
o %
SN Y

R _'J'"'._
0.8 A

30 40 50 60

Time (s)

20

10

Fig. 4 Comparison of breathing velocity for (a) the manikin and (b) for a person

remaining velocity should decrease when moving the
probe away from the human body, which is confirmed
by Figure 4a.

The breathing velocity profiles of the manikin and
the human subjects had similar shapes but different RF
and magnitudes. Under relaxed conditions, the breaths
of human subjects are likely to become relatively regu-
lar and repeating as is the case for the manikin, see
Figure 4. Priban and Fincham (1965) also demon-
strated that the breathing profiles of human subjects
are very regular with respect to the frequency and vol-
ume. Two peaks are extracted from the velocity profile
and they can, to some extent, be identified as sinusoidal
in shape (Figure 4b). Thereby, the sinusoidal flow gen-
erated by the artificial lung can represent human
breathing to some decent degree. But the natural differ-
ences between each breath for human subjects cannot
be simulated by the artificial lung.

Despite large individual differences and relatively
unstable features of human breathing, the peak veloc-
ity of each exhaled breath could be acquired by the
anemometer. And the mean peak value u(x,y) at the
coordinate point (x,y) is used to depict velocity profile
in sections, as shown in Figure 5.

Velocity profiles and centerline of exhaled flow

The direction of the exhaled flow is governed by the
direction of human exhalation, which can be found by
measuring the velocity profiles in front of the person.
The velocity profile along the y direction can be
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obtained from the mean peak velocity u(x,y) measured
in section x, as shown in Figure 5. The velocity profiles
of the exhaled flow from the manikin were normalized
by mean peak velocities, and they presented similar
shapes as a turbulent circular jet (Abramovich, 1963).
This similarity was also reported by Nielsen et al.
(2009) and Olmedo et al. (2012). The velocity center-
line should have the maximum velocity in each vertical
section, expressed as u,,, which was almost horizontal
for the manikin even though the exhalation was non-
isothermal. For persons, the heads were placed hori-
zontally on the wooden bar during measurements.
However, none of those velocity centerlines was per-
fectly horizontal, indicating either a slight upward or a
downward trend (Figures 5b,c and 6).

Human exhalation tends to be complex as it is
affected by multiple factors. Clark and Edholm
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Fig. 6 Positions of the velocity centerline (with and without
clip)

(c)
33 mm 0 025 05 075 1 125 15
80 mm
140 mm

240mm

----- x=30mm
—a—x=80 mm
--r-x=140mm

y (mm)

00 05 10 15 20 25
u(xy) (m/s)

-10 -

u(xy) (m/s)

—e—x=240mm

u(xy) (m/s)

Fig. 5 Velocity profiles in different sections for: (a) the manikin, (b) one male subject (without clip), and (c) one female subject (with-

out clip)
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(1985) observed an upward development of the
exhaled flow from living persons by means of Schlie-
ren photography. Gupta et al. (2010) reported rela-
tively downward spreading angles by visualizing the
exhaled flow from people’s smoking. It is difficult to
connect human mouth exhalation with a certain
direction because besides the depending factors such
as exhaled temperature and momentum, ambient air
temperature or boundary streams around body, the
dispersion of human exhaled flow may be influenced
by mouth shapes, teeth locations and angles at which
the head placed. Large variations occurred among
the individuals. Even for the same subject, the posi-
tions of the centerline would vary with breathing pat-
terns. It was also found that the motion of lips or
teeth could change the initial angle of exhalation.
Nevertheless, mouth exhalation can be considered
basically horizontal in applications, because the scat-
tered centerlines still distribute around the horizontal
line with fluctuations up or down for only few centi-
meters, as illustrated in Figure 6.

Tang et al. (2013) visualized human exhalation by
means of the Schlieren photography technique and
observed the maximum propagation distance of 0.8 m,
which was considerably higher than predictions in this
investigation. Beyond 0.3 m downstream of exhalation
from mouth, velocity peaks of a large percentage of
subjects disappeared, hidden in turbulence. But it is
possible for the exhaled flow to propagate a bit farther
due to the inertia force and the concentration differ-
ence. The Schlieren photography technique may also
overestimate the distance through observation because
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the temperature difference remains at longer distances
between exhaled and ambient air (Tang et al., 2013).

Velocity and concentration decay

This section focuses on exploring different characteris-
tics of the dispersion and spread of exhaled flow
between manikin and real persons as well as between
males and females. Figure 7 shows the centerline veloc-
ity u,, and the decay of centerline velocity. The velocity
decay of two male and two female subjects were,
respectively, marked with different symbols to high-
light the differences of velocity magnitudes, which indi-
cated a relatively unchanged breathing habit for an
individual over a period of time. This finding further
confirmed the fact that one particular breathing pat-
tern appears to be a relatively stable characteristic of
an adult individual, being reproducible in several con-
ditions, as addressed by Benchetrit (2000).

A direct comparison of the exhaled velocity between
the manikin and the human subjects shows a lower
exhaled velocity of the vast majority of the human sub-
jects than that of the manikin. The scattered points are
covered by a dashed line, forming a region in which the
exhaled velocities from persons may locate, as shown
in Figure 7. If the velocity in the exhaled flow is smal-
ler than 0.1 m/s, it is probably caused by turbulence
rather than breathing, because the velocity distribution
in the chamber has been tested to be of a maximum
value around 0.1 m/s. The solid regression line was
drawn based on the hypothesis that the centerline
velocity decays with distance, in the form of a power
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Fig. 7 Magnitudes of velocities along the centerline and regression of the velocity decay (solid line) for: (a) male nose in and mouth
out, (b) male mouth breathing only, (c) female nose in and mouth out, and (d) female mouth breathing only
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Table 3 Coefficient aand b and corresponding confidence intervals with 95% bounds

Type aand confidence intervals b and confidence intervals
Male nose in and mouth out 0.09(0.03, 0.14) —0.55(—0.74, —0.35)
Male mouth only 0.15(—0.04, 0.27) —0.49(-0.74, —0.24)
Female nose in and mouth out ~ 0.08 (—0.01, 0.16) —0.76 (—1.12, —0.39)
Female mouth only 0.04 (—0.01, 0.09) —1.01(-1.41, —-0.62)

function, assumed as u,, = ax”. Similar expression has
been validated by manikin experiments (Nielsen et al.,
2009; Olmedo et al., 2012). The regression equation
was fitted by nonlinear least squares algorithm.
Table 3 shows the coefficients of ¢ and b with 95%
confidence bounds. A smaller 5 indicates a faster
decay. The exhaled velocity region and the regression
line of female subjects seem to be steeper than those of
male subjects. For female subjects, the mean velocity
from the mouth was initially higher, but it decreased
rapidly with increasing distance, indicating a short dis-
tance and a rapid breath. In comparison, the exhaled
breath of male subjects presented a long and lasting
characteristic, as the initial velocity was lower than that
of females, but the flow could penetrate a longer dis-
tance. The larger initial velocity of female subjects can
be explained by higher RF and smaller mouth opening
areas despite lower breathing volume compared with
male subjects. The flow rate of exhaled air may slightly
increase owing to wearing the nose clip, which blocks
the air leakage from the nose during exhalation pro-
cess. Compared with Figure 7a, for male subjects the
velocity distributions become more scattered when the
nose clip is used, with some points close to the manikin
level, as shown in Figure 7b. For female subjects, the
velocities are also slightly increased with the nose clip
attached, see Figure 7d,c. However, even when the
total exhaled breath was through the mouth, the
majority of the human subjects exhaled at an appar-
ently low speed.
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Fig. 8 Relative concentration of CO, and N,O in the exhaled
air. ¢, 1s concentration in the ambient air in the chamber without
a person, cp is concentration at the exhaust openings of the
chamber, and ¢, is concentration at a horizontal distance of x
from the mouth. ¢,, cx and c, are the mean peak concentrations
in the exhaled air at the locations defined earlier and are indi-
cated in unit of ppm
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The respiratory parameters of the manikin were
set according to the values for an average adult
(ASHRAE, 2009 and Adams, 1993). Consequently, the
manikin breathing was expected to simulate the aver-
age level of human subjects, but it appears to overesti-
mate human breathing. Figure 8§ shows the relative
concentration of CO, from human subjects and the rel-
ative concentration of N>O from the manikin, respec-
tively. The exhaled concentration of the tracer gas
from the manikin was obviously elevated above those
from the human subjects. This was not surprising by
comparing the breathing passage of the manikin with
that of a person. For the manikin between the mouth
and the ‘lung’, the breathing passage is simplified as a
circular tube (Figure 1c). But for a person, after the air
leaves the lungs through the bronchi and trachea, it
needs to successively pass through the larynx, pharynx,
and oral cavity, touching surfaces of the tongue, teeth
and lips, and eventually reach the terminal. The respi-
ratory system of human being is so complicated that
the flow from the mouth will obtain a high diffusion
and reduced velocity level like advanced diffusers in the
ventilation area. Thereby, more delicate design of the
mouth structure will be needed to make manikin
breathing more realistically.

Discussion
Initial velocity close to the mouth and variation in the breathing flow

There are a number of studies on simulations of human
respiratory which consider exhaled flow rate or velocity
as a standard sinusoidal curve (Hyun and Kleinstreuer,
2001; Gao and Niu, 2004, 2006; Gupta et al., 2011),
like manikin breathing. Variations in the breathing
flow were commonly neglected due to the lack of infor-
mation on actual human breathing. Most of the CFD
simulations treated the breathing boundary conditions
as a varying flow rate or velocity without clearly indi-
cating the turbulence features, or as flow with low tur-
bulence intensity (Gao and Niu, 2004; nose with
I =0.5%). However, it seems impossible to quantify
the turbulence intensity for human breathing, because
the turbulence is clearly accompanied by uncertain
breath-to-breath fluctuations despite not only appear-
ing randomly (Figure 4b).An expression of u), /u,, ,
similar to turbulent intensity in form was introduced to
investigate the fluctuation range of the peak velocities.
The u), is the standard deviation of the peak velocities
and u,, is the mean peak value at velocity centerline.
This u,/u,, ratio accounts for the spreading of peak
velocities. On the other hand, the ratio for the manikin
could be considered as turbulence intensity if the influ-
ence of breath-to-breath fluctuations resulting from the
manikin itself can be ignored owing to the identical pis-
ton driven movements (Figure 4a). It can be expected
that u/, /u,, of the manikin should be much lower than



Table 4 Mean peak velocity and the fluctuation ratio with 95% confidence intervals at
the first measuring point (0.03 + 0.01 m)

Persons Manikin
Up (M/s) Uy /[ Un Up (M/s) Uy Um
Male nose in and mouth out 058 +£ 015 41 £5% 244 £003 1.3%

Male mouth only 0.81 + 0.40
Female nose in and mouth out ~ 1.03 + 0.56
Female mouth only 1.03 £ 051

that of a person. Furthermore, the ratio should grow
with increasing x, which increased from about 1 to
35% from merely x = 0.0l m to x = 0.4 m for the
manikin. This finding indicated that the influence of
room air turbulence became more evident in the down-
stream of the flow.

Table 4 shows the mean peak velocity and the ratio
of u), to uy,, respectively, for the human subjects and
the manikin, at the first measuring point with a dis-
tance of about 0.03 m from the mouth opening. The
maximum velocity measured close to the mouth may
be useful for CFD validation and boundary specifica-
tions. The u,, of the human subjects in Table 3 is the
mean value of mean maximum velocity at around
0.03 m for all male and female subjects, with confi-
dence bounds of 95%. The u),/u,, for human subjects
is the mean fluctuation ratio obtained from each mea-
surement with a level of confidence of approximately
95%. Owing to the complexity of human respiratory
system as well as the relatively unstable breath-to-
breath variations, the apparent turbulence level of the
human respiration should be much larger than that of
the manikin. The rapid temperature, velocity, and
concentration decay of the exhaled breath from the
majority of human subjects, resulting from easy
entrainment and mixing with the ambient air, con-
firmed this fact.

Uncertainty and regularity of human breathing

The results of human respiratory are expected to be
scattered among individuals, see Figure 7, because the
measurements were conducted on real people with sig-
nificant individual differences. Differences were also
observed among repeated measurements for the same
human subject. Quantifying human respiration should
certainly work with these uncertainties, which are usu-
ally averaged by repeated measurements (applied three
times in this paper) and by a large number of human
subjects. Even though the results are scattered among
human subjects, some relatively evident conclusions
can be drawn from the average values, for example,
the differences of exhaled velocity between males and
females as well as between the manikin and the
human subjects (Figures 7 and 8). Figure 7 also indi-
cates a relatively stable and reproducible characteristic

Exhaled breath of a manikin and human subjects

of an individual in terms of exhalation velocity and
decay, which corresponds with the observations of
Benchetrit (2000). These regularities provide some
possibilities to quantify human breathing and more
attempts should be made to improve our understand-
ings of the complexity and uncertainty of actual
human breathing.

Limitations

The u,, illustrated in Figure 7 is the mean maximum
velocity along centerline which appears to be covered
by that of the manikin. However, in some cases, the
instantaneous velocity can exceed the manikin level
with respect to fluctuations and uncertainties. Hence,
if the breathing and metabolic heating of a manikin
is specified according to the data collected from
human adults, such as ASHRAE, 2009 and Adams
(1993), the infection risk estimated by the manikin
may be recognized as a critical condition or the top
boundary (Figures 7 and 8). But if a manikin is
required to simulate an average level of human
breathing, a more delicate design of the breathing
system is needed, and the results obtained in this
investigation are recommended to validate the
improvement. The current study provides results for
when the subjects are standing still. The movement
or natural sway of the body may result in more com-
plicated breathing patterns. Additionally, the con-
stant-temperature type anemometer can only measure
the magnitude of the velocity. If the velocity vectors
are needed for further illustration, a PIV system may
be helpful, which has been implemented by some
researchers on human subjects (Chao et al., 2009;
Kwon et al., 2012).

Conclusions

As there are very few estimates of human breathing
and little comparative data available for verifying the
reliability of manikin experiment or CFD predictions,
this investigation focuses on characterizing the breath-
ing process of human subjects. The similarities and dif-
ferences between a standard manikin and over twenty
human subjects have been comprehensively studied
from the perspective of geometry and breathing func-
tions. The results show that the manikin can simulate
human breathing to some satisfying degree in terms of
the respiratory frequency, minute volume, and airflow
pattern. However, the exhaled velocity and concentra-
tion of contaminant are likely to have an increased
level because of the simplified mouth structure, low dif-
fusion, and low turbulence levels. The characteristics
of actual human breathing is expected to be more com-
plicated and scattered than those of the manikin,
including the airflow fluctuations, individual differ-
ences, and exhaled flow directions. This investigation
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provides the average values obtained from a number of
subjects. Overall, our present level of understanding of
the characteristics of actual human breathing should
be further advanced, and this work only provides a
small step forward.
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Figure S1. RF at standing conditions for (a) male sub-
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(corresponding to manikin breathing), mouth only,
and normal breathing.

Figure S2. RF at walking conditions for (a) male sub-
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Figure S3. Variations of RF of males with height at (a)
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ABSTRACT

The purpose of this paper is to determine the dispersion and distribution characteristics of exhaled
airflow for accurate prediction of disease transmission. The development of airflow dynamics of human
exhalation was characterized using nonhazardous schlieren photography technique, providing a visu-
alization and quantification of turbulent exhaled airflow from 18 healthy human subjects whilst standing
and lying. The flow shape of each breathing pattern was characterized by two angles and averaged values
of 18 subjects. Two exhaled air velocities, u;; and up, were measured and compared. The mean peak
centerline velocity, u, was found to decay correspondingly with increasing horizontal distance x in a
form of power function. The mean propagation velocity, u, was found to correlate with physiological
parameters of human subjects. This was always lower than u,, at the mouth/nose opening, due to a
vortex like airflow in front of a single exhalation cycle. When examining the talking and breathing
process between two persons, the potential infectious risk was found to depend on their breathing
patterns and spatial distribution of their exhaled air. Our study when combined with information on
generation and distributions of pathogens could provide a prediction method and control strategy to

minimize infection risk between persons in indoor environments.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Airborne infection has always been a worldwide concern for
medical profession and building management professions. Many
diseases including tuberculosis, influenza, measles, anthrax and
meningitis could be transmitted via air in indoor environments [1].
The outbreaks of severe acute respiratory syndrome (SARS) in 2003
and HINT1 flu in 2009 have further increased concerns about the
life-threatening transmission of aerosol infection [2].

Airborne diseases are spread when droplets of pathogens are
expelled into the air during human exhalation [3,4]. To control and
reduce the contamination risk of these infectious aerosols, many
studies have been focusing on characterizing the dynamics of
exhaled airflow and behaviors of aerosol containing droplets in
indoor environments [5—40]. These studies on exhaled airflow
behaviors are the first step to understand the potential of airborne

* Corresponding author. College of Pipeline and Civil Engineering, China Uni-
versity of Petroleum, Qingdao, 266580, China.
E-mail address: cxu@upc.edu.cn (C. Xu).

http://dx.doi.org/10.1016/j.buildenv.2016.11.032
0360-1323/© 2016 Elsevier Ltd. All rights reserved.

transmission and could provide a way to predict and control dis-
ease infection. In previous studies, detailed information on exhaled
airflow dispersion as an indicator of potential airborne disease
transmission have been investigated using three types of objects:
human volunteers [11—18], breathing thermal manikins [19—27]
and computer simulated persons (CSPs) [28—40]. Although
studies based on breathing behaviors of manikins or CSPs can
provide relatively comprehensive prediction of airflow patterns
and infection prone zones, there could be errors with the use of
these two techniques for prediction of real breathing conditions
without a proper understanding of breathing characteristics of
actual human subjects [13,16].

There has been little information on airflow dynamics of human
exhalation. Chen and Zhao [37] reported that the initial exhaled
velocity could greatly influence the dispersion of droplets in the
range of 0.1 um—200 um in terms of trajectories and distances. To
predict the evaporation, dispersion and transportation of respira-
tory droplets in indoor environment using Computational Fluid
Dynamics (CFD), boundary conditions such as expelled airflow
velocity are necessary [14]. Different techniques have been used to
estimate exhaled velocities during different expiration behaviors
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such as coughing, sneezing and breathing. Various results have
been reported with different methods of study, providing little data
in previous literature. Some studies [30,37] used approximate
values of exhaled velocities produced during different respiratory
activities (e.g. normal breathing 1 m/s, talking 5 m/s, coughing
10 m/s, and sneezing 20—50 m/s). Chao et al. [12] applied the
particle image velocimetry (PIV) technique for measuring expelled
velocities during coughing (11.7 m/s) and speaking (3.9 m/s). Tang
et al. [16] used schlieren imaging technology to determine the
maximum nasal and mouth breathing velocities of 1.4 m/s and
1.3 m/s, respectively. The maximum expiration air velocities for
coughing and sneezing was found to be 4—5 m/s. Gupta et al. [13]
developed a source modelling of air flow rate, flow direction and
area of mouth/nose opening using human subjects for boundary
settings for CFD simulations. Xu et al. [17] pointed out that even
though the boundary settings complied with real human breathing
characteristics, there could still be differences in the exhaled
airflow of a complicated manikin than real persons. Similar prob-
lems could also occur in CSPs. The preclusion of using hazardous
lasers, toxic tracer gases or particles on human subjects, which can
otherwise be applied to the manikins, has so far limited research
investigations and very little information on real breathing airflow
has been provided. One method of studying real human exhaled
airflow without the aid of hazardous techniques or materials is the
use of schlieren photography [2,15,16].

Schlieren photography technique has been widely used in
visualizing the flow of fluids of varying density, such as a gas jet
[41], water jet [42] | or flame jet [43]. Tang et al. [15,16] expanded
this technique to quantify human exhaled airflow in order to assess
their contamination potentials. Some other methods have been
used in previous studies to achieve similar purpose, like the particle
imaging velocimetry (PIV) [12,14] and using smoker subjects to
visualize their breaths [13]. Schlieren imaging relies only on density
differences to refract the light beam to visualize an airflow [44].
Human exhaled flow differs from the surrounding air in density,
especially when air is immediately expelled from the mouth or
nose [17,45]. No invasive or potentially irritant tracers are needed,
so human volunteers are quite safe [2,15,16]. The implementation of
schlieren imaging technique on human volunteers can further
enhance our understanding of the behavior of real human respi-
ration and the potential contamination risk of these breathing ac-
tivities. The accuracy for the prediction of the transmission
behavior could be further improved by using other additional
techniques, such as CFD or breathing manikins, to provide a
powerful tool for evaluating the infection risk of respiratory
pathogens.

Infection risk assessment is very useful in understanding the
transmission dynamics of infectious diseases and in predicting the
risk of these diseases to the public, while a number of factors could
also influence the transmission process and outcome [46], such as
dispersion and distribution of airborne pathogens, ventilation
strategies, droplet sizes, air turbulence etc.. These factors have
contributed to the complexity of these exposure and risk assess-
ment of infectious pathogens on human beings. The Wells—Riley
model has been one of the most extensively used models for
quantitative infection risk assessment of respiratory infectious
diseases in indoor premises [47]. However, the Wells—Riley model
assumes a uniform airborne pathogen distribution at a steady-state
condition, which could yield errors in the assessment.

In our study, the respiratory activities between two human
subjects were visualized using schlieren photography technique.
The spatial variation and unsteady distribution of exhaled con-
taminants in the microenvironment between two persons are
illustrated.

The goal of this present study is to characterize the dispersion of

human exhaled airflow by schlieren technique and provide accu-
rate information in three aspects: flow shape, exhaled velocity and
interactions of exhalations between two persons. This investigation
could provide accurate information on boundary conditions of
human breathing for CFD simulation and could be helpful to vali-
date the accuracy of risk prediction of airborne disease
transmission.

2. Methods and design
2.1. Schlieren experimental set-up

The schlieren imaging technique was used to visualize the real-
time breathing process of human subjects. The temperature dif-
ferences between the exhaled air (32—36 °C at the mouth or nose
opening) [17] and the laboratory environment controlled at around
23 °C, would lead to a refraction of the light ray when passing
through the media of different densities. The different components
of exhaled air that have different densities to the room air would
contribute to the refraction of light for our experimental
investigation.

The schematic of the schlieren experimental setup is shown in
Fig. 1. A standard schlieren structure with a beam splitter was
constructed, consisting of a spherical concave mirror of astro-
nomical telescope quality (0.61 m diameter and 7 m focal length)
and a high-speed camera (Chameleon CMLN-13S2C, resolution of
1296 by 964 pixels). The breathing images were captured by a
camera with a speed of 15 frames per second (fps) for a lasting of
2 min for each breathing pattern and these were downloaded to a
laptop. The software, PointGrey FlyCap 2, installed on the laptop
was used to control the high-speed camera remotely and download
the shadowgraph images.

2.2. Characterization of breathing behavior of human subjects

The breathing characteristics of human subjects whilst standing
and lying were investigated in this study. Fig. 2 shows the place-
ment of a human subject in front of a concave mirror. The relative
distance between the subject and the mirror would affect the size
of these images. The reduced scale of these images were thence
calibrated for every subject and every breathing pattern. In normal
standing conditions, these human subjects were asked to stand
approximately 0.5 m in front of and to one side of the mirror. A
height-adjustable holder was used to support the subject's head in
case of any movement during the experiment. A special bed with
adjustable height was placed first in parallel and then perpendic-
ular to the mirror, forming respectively a side and front view of a
lying person to the observer as shown in Fig. 2. A soft cushion and a
pillow were placed on the bed and a heavy quilt was used to cover
the subject up to the neck position to block the thermal plume
arising from the body and mimic the sleeping condition of a normal
person to the most extent. The subject was asked to lie on the bed
quietly for about 10 min before the experiment.

The basic information of 18 healthy young adults participated in
the experiment is given in Table 1. All participants were of Chinese
ethnicity. Three breathing modes were tested for both standing and
lying postures: (a) nose breathing only; (b) inhaling through the
nose and exhaling through the mouth and (c) mouth breathing
only. These subjects were instructed to breathe naturally for a
relatively long time (above 10 min) with each breathing pattern.
However, these subjects constantly complained about their dry
mouth due to saliva evaporation during their mouth only breathing
with a nose clip restricting breathing from their nose. Interruption
by shutting up their lips and saliva swallowing were permitted as a
part of their breathing pattern. The camera recorded each breathing
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Fig. 1. Schematics of schlieren setup.

Fig. 2. A schematic diagram of the placement of a human subject in front of a mirror
whilst standing and lying.

process for about 2 min without the subject realizing the beginning
of the recording. When a subject was instructed to inhale through
the nose and exhale through the mouth; the air from his or her lung
was actually expelled from the nose and mouth simultaneously
(see Appendix A), as the nasal and oral cavities are connected and
air leaks into these cavities even when a person is not intended to
exhale with his/her nose.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.buildenv.2016.11.032.

Table 1
Description details of subjects participated in the experiment.
Male Female

Subject no. 8 10
Age 29 (22—-33) 28 (26—29)
Weight (kg) 69.7 (62.0—75.1) 52.9 (47.2—64.1)
Height (m) 1.74 (1.64—1.81) 1.63 (1.55—1.72)
BSA? (m?) 1.83 (1.73-1.92) 1.55(1.49-1.71)

2 BSA, body surface area.

2.3. Velocity measurement

2.3.1. Centerline velocity

In this study, a hot sphere anemometer (Dantec 54N50, DANTEC
Dynamics A/S) with an accuracy of +0.01 m/s was placed near the
mouth or nose opening to measure the initial velocity at a fre-
quency of 10 Hz. The anemometer was calibrated in a standard jet-
wind tunnel positioned in both horizontal and vertical directions,
in the presence of 22 °C conditioned air.

The influence of exhaled air temperature and humidity on
measurements was ignored in this work, which has been explained
in Ref. [17]. A coordinate was built from the mouth/nose opening.
For mouth breathing, the anemometer was horizontally placed in
front of the mouth at a distance of about 0.03 m. When the person
performed nose breathing, the anemometer was vertically placed
approximately 0.03 m down to the nostrils. The variation in the
position of the anemometer was adjusted by the movement of a
robot arm and according with the schlieren photography to ensure
that the probe would be exactly positioned within the exhaled
airflow and close to the center of the airflow.

The determination of the centerline of the airflow is shown in
Fig. 3. For mouth only breathing in standing posture, the velocity
decays along the centerline. The mean peak air velocity at the
centerline of the airflow was defined as uy,. In this study, the u;, at
the nearest measuring points from the mouth/nose opening
(around 0.03 m) was expressed as ug g3 and was used to indicate the
initial velocity of exhalation.

2.3.2. Propagation velocity

The visible propagation distance d was derived from schlieren
images frame by frame along the centerline of exhaled flow. The
propagation velocity, up, was expressed as Ad/At, in which At is the
time interval. Note that d differs from x and x is the horizontal
componentof d, see Fig. 3.

3. Results and discussion
3.1. Flow shape characterization

3.1.1. Thermal plume around human body
The movement of body plume and exhaled air can be clearly
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Fig. 3. Centerline of the exhaled airflow (dashed line) and propagation distance d.

observed with the aid of schlieren photography technique. For a
standing person, the thermal plume would arise along the body
height and continue to develop above the person's head. The plume
velocity was measured using a hot-sphere anemometer placed
along different vertical heights above the subject's head. The
maximum velocity measured was approximate 0.23 my/s.

Murakami [28] and Melikov [48] indicated that the majority of
inhaled air for a standing still person would be directly from the
limited area below the nose (nose breathing) or the mouth (mouth
breathing) and in the front part of the body. The rising thermal
plume can be inferred to contribute to the inhaled air to a large
extent for a standing person. Whilst the upward stream around the
body collides with the expelled air, causing possible velocity
decrement immediately at the mouth/nose opening when the
exhaled plume enters the thermal boundary layer of the body
[26,29].

A curved flow affected by the rising thermal plume, especially at
low initial exhaled velocities was observed. For a person lying on
his or her back, the plume would rise vertically from the exposed
part of the body (i.e. head, face and neck) without the heavy quilt
covering and then mix with the exhaled air. Comparing the airflow
during the standing posture to the air movement with a person
lying flat; the upward thermal stream could somehow accelerate
the vertical movement of the exhaled airflow instead of blocking it.
This was due to the identical dispersal direction of these flows.

3.1.2. Flow direction and development

Schlieren images within one breathing cycle for each subject
were extracted from a series of high contract images captured by
the camera within a recording time of around 2 min. The extraction
was conducted randomly among the 20—50 breaths (depending on
breathing frequency) for each breathing pattern and each subject.
These 2-D images were stacked together with a time interval of 1/
15 s or 2/15 s to illustrate the development of exhaled flow within
one breathing cycle as shown in Fig. 4. The boundaries of these
exhaled flows were connected, forming a region that the exhalation
could affect.

From Fig. 4, the expelled airflow was shown to be turbulent full
of vortex rings and the periodic exhaled flow was shown to have
similar characteristics with a constant jet in terms of flow shape.
The width and length of the airflow was shown to grow with
increasing distance from the origin by mixing with the surrounding
air. Therefore, the velocity and concentration of exhaled contami-
nants could also be reduced by the development of the exhaled
flow. There are obvious individual differences in the exhaled air-
flows in terms of flow shapes, propagation distances and dispersal
directions.

The angles would be needed to define the breathing direction of
a nose or mouth as shown in the side or front view in Fig. 4. These
angles did not vary much among our human subjects. The
measured breathing angles of male and female subjects were
combined for our analysis. These breathing angles were measured

in each breathing pattern and have an approximately normal dis-
tribution verified by statistics (Statistical Product and Service So-
lutions, SPSS). Table 2 shows the average of these measured angles
with a confidence limit of 95% and the confidence interval for the
means was always tight with a maximum of 14°.

The direction of 0; for the side view condition was defined in
Fig. 4(a—d). This was positive when the centerline of the airflow
was below the x axis as shown in Fig. 4(a and b) or to the right of the
x axis (Fig. 4(c and d)). Otherwise, 6; would be negative, which
means the exhaled airflow would have an upward dispersal trend.
For nose breathing, the averged downward angle between nosetrils
and horizontal line was about 57°, and this corresponds with Gupta
et al.’s average of 60° [13]. For mouth only breathing, most mea-
surements were found with a downward flow trend with an aver-
aged 01 of about 14°, even though in most conditions of the airflow
in the nmouth breathing was considered horizontal
[12—14,19—24,28—35]. This might be due to the longitudinal
asymmetry of the mouth cavity structure.

From Table 2, the 61 and 0, of the mouth only and nasal only
breathing that were obtained from the side view did not vary much
between different postures. As expected, the exhaled airflow from
the nose or mouth was not a regular cone because the spreading
angles of 0, that were observed respectively from the side and in
front of the body are considerably different. The 6, is significantly
wider in the front view than the side view in the lying posture. The
value is also bigger than that obtained by Gupta et al. [13].

3.2. Velocity characterization

3.2.1. Initial exhaled velocity

Fig. 5 shows typical centerline velocity variations over time
during moth only breathing of a subject. Because the hot sphere
anemometer can only measure the velocity magnitude without
direction, the measurements are always positive. Fig. 5 shows the
repeated breaths of one male subject with a breathing frequency of
about 10 min~! and variations of amplitudes of exhaled velocities
over time. The peak value of each breath was extracted and then
averaged for the definition of the mean peak velocity, u,. The ratio,
Um'[um, of the standard deviation of amplitudes to the mean value
was used to indicate the fluctuation degree of a person's breathing
[17]. In this work, the ugg3’/ug,03 was at x = 0.03 m with a variation
of merely 9% to about 160%, meaning that some people was
breathing regularly and some did not. The irregularity of the
breathing could further increase the turbulence degree of the
exhaled air. This ug g3 should be lower than the real initial velocity
that was obtained from the immediate mouth/nose opening; as
there could be velocity decay with increasing distance from the
origin when the measured point did not fall within the constant
velocity core [17].

The ug 3 for the male and female subjects and their range values
are given in Table 3. One main reason for the wide spread of
measured velocities could be due to the wide variation in our
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Fig. 4. Propagation of exhaled flow from the mouth only (left) or nose only breathing (right) whilst standing (a, b) and lying (c—f) viewing from the subject's side (a—d) and front (e,

f) with a time interval of 1/15 s or 2/15 s.

Table 2
Average spreading angles of exhaled airflow with 95% confidence limit.

View angle Breathing route This study Guptaetal. [13] °
01 02 01 0,

Standing side view Mouth only 14° + 14° 36° + 6° \ 30°

Nose only 57° + 6° 32° +3° 60° + 6° 23° + 14°
Lying side view Mouth only 9° + 6° 44° + 7° \ \

Nose only 51° + 5° 29° + 3° \ \
Lying front view Mouth only \ 61° + 12° \ \

Nose only 34° + 8° 43° + 6° 21° + 8 21° +10°

4 These angles were measured by Gupta et al. [13]; both male and female volunteers were sedentary rather than in lying or standing position.

human subjects used in the current study. The physiological pa-
rameters of a person: exhaled minute volume (MV, the volume of
exhaled air from a person's lungs per minute), breathing frequency
(BF) and mouth/nose shape and area could contribute to the vari-
ation; and these could be different from person to person. In spite
of smaller MV, the initial velocities of female subjects were shown
to be higher than those of male subjects mainly due to higher RF
and smaller mouth/nose opening [13,17]. The air leakages from the
nose could result in relatively lower mean initial velocity from the

mouth when people inhale with their nose and exhaled with their
mouth as shown in Table 3. Human postures could also affect the
breathing by influencing the activity of abdominal muscle [13], but
no significant relationship between postures and breathing veloc-
ities was found in our present study.

The mean value of ugg3 was found to be even higher than the
maximum breathing velocity measured from nose/mouth opening
obtained by Tang et al. [16] by schlieren photography. The main
reason of the deviation lies in different methods used to evaluate
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Fig. 5. Pulsating velocity measured during a subject's mouth only breathing. The mean peak velocity (red dashed line) is defined as up,. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
The ug o3 with range values for three breathing patterns.

Breathing patterns Male

Female

Standing ug g3 (m/s)

Lying uge3 (m/s

Standing ug,o3 (m/s) Lying ug03 (m/s)

Nose only 1.08 (0.45—2.00)
Nose in and mouth out 1.22 (0.31-2.27)
Mouth only 1.56 (0.95—2.03)

1.82 (1.00-2.52
0.81(0.31-1.55
1.56 (0.67—-2.02

1.63 (0.34-2.58)
1.53 (0.36—2.80)
1.64 (0.50—-2.63)

1.52 (0.9-2.27)
1.35 (0.46—2.25)
1.64 (0.40-3.22)

the exhaled velocity. Our study employed the mean peak velocity as
depicted in Fig. 5, while Tang et al. [ 16] used the visible propagation
distance divided by the propagation time as shown in Fig. 4. The
latter method describes the propagation speed of the exhalation
flow measured at the leading front edge of the flow within certain
time interval rather than the initial pulsating flow generated by a
person. This could also be the reason why velocities of sneezing and
coughing reported by Tang et al. (4—5 m/s) [16] are significantly
lower than the generally recognized velocities of sneezing and
coughing (e.g. sneezing 20—50 my/s, coughing 10 m/s) [18]. The
maximum propagation velocity obtained by quantification given by
schlieren images should not be considered as the exhaled velocity
as this might cause underestimation for boundary setting of CFD
simulation. The propagation velocity of the exhaled airflow will be
further discussed in Section 3.2.3.

3.2.2. Centerline peak velocity decay
Our previous study [17] found that u, decayed with x in the
form of a power function, as defined by Equation (1).

Um = axP (1)

The mean peak air velocity of female subjects’ breathing from
the mouth was found initially higher than that of male subjects; but
the air velocity of females' breathing decayed more rapidly than the
males' along the centerline [17]. In our work, different human
subjects were used in the present study compared to the previous
study to validate the applicability of the regression equation.

Fig. 6 shows that the u;; of mouth only breathing corresponds
well with the regression equation reported [17]. The dashed line
forms a region where scattered points of exhaled velocities could be
located. As shown in Fig. 6, although the exhaled air velocity, up, at
x = 0.4 m for most human subjects was reduced to below 0.1 m/s;
this was equivalent to the turbulence level of room air, and the
exact maximum propagation distance of the exhaled flow would be
difficult to determine. The regression equation would suggest a
measurable up, could continue well beyond the region where
experimental data were collected, but this is likely to be an artifact

@ 359
3
Xuetal. [17]
2.5 4 ® Male subjects

(b)

°! —Xuetal.[17]
\ ® Female subjects

u,,(/s)

x(m)

Fig. 6. Velocity decay along the centerline in the mouth only breathing for (a) male
subjects and (b) female subjects.

of the fitted curve. Although Tang et al. [16] reported the observed
maximum propagation distance of mouth only breathing and nose
only breathing was 0.8 m and 0.6 m, respectively; it is still difficult
to know exactly where the exhaled airflow should stop; if it stops, it
must be dependent on the surrounding turbulence level of the
airflow in the room.

Similar decay trends of CO; in the exhaled air were also found,
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indicating a reduced exposure level of contamination to the re-
ceptor with increasing distance apart. Chen and Zhao [ 14] reported
that the exhaled droplets with a diameter smaller than 10 pm could
travel to some distance along in a room. The long-distance trans-
portation of small droplets could largely dependent on turbulence
level and air distribution in the room [49—54].

3.2.3. Propagation velocity

The propagation images obtained from side view, as shown in
Fig. 4(a—d), were extracted and analyzed. The observed propaga-
tion distance was dependent on the temperature difference be-
tween the exhaled air and ambient air. However, to recognize the
maximum propagation distance in this work is difficult due to the
size limitation of the mirror and the resolution limitation. Hence,
d was derived merely within the viewable area of the camera and
the distinguishable propagation boundaries. This could result in
some underestimation of the maximum propagation distance.
Fig. 7 shows the visible propagation distance, which was increased
correspondingly with time. The recognized maximum propagation
distance was around 0.4 m, corresponding to the velocity decay
distance shown in Fig. 6. Many equations were tested for the fitted
curve but the linear one was found to perform the best (the R-
square always above 0.97). The slope of the connected line of the
propagation distance over time, that is the slope of the linear fitting
equation, would be recognized as the averaged propagation ve-
locity up, within the observed time. Fig. 7 shows that u;, could vary
among subjects and was always below 0.8 m/s; which was signif-
icantly lower than the measured ug 3 given in Table 3.

Our determination of u, was by the observable dissemination
distance measured at the front end of the exhaled airflow within
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the viewable area given by the camera. The maximum length of the
airflow propagation could be even longer than the concave mirror
boundary and could not be clearly visible. Despite the limitation of
the schlieren imaging technique, the propagation velocity was still
useful and valid for the prediction of exhaled flow dispersion speed
[16]. These two velocities, uy and up,, should be clearly distin-
guished for use. The u,; was derived from certain measurement
points along the centerline of the airflow, while the u, was obtained
by tracing the airflow movement to the leading front edge of the
image of the exhaled air. From Fig. 7, up for our male subjects and
female subjects in standing posture and with mouth only breath-
ing, varied from 0.2 m/s to 0.6 m/s and from 0.3 m/s to 0.8 m/s,
respectively, which is significantly lower than the u, measured
near the mouth opening (about 0.03 m). Even for the maximum u,
derived close to the mouth/nose opening [16], u, was still lower
than the mean peak velocity ug 3 listed in Table 3. Fig. 8 shows that
the front of a single exhalation cycle was similar to a vortex like
airflow or to a puff. The peak exhaled air velocity u, in a point close
to the mouth was measured when the vortex airflow passed this
point, and this was typically larger than the propagation velocity of
the same vortex. This would be the typical situation for a vortex as
illustrated by Akhmetov [55].

The up would be high when a person exhaled with high MV at a
high BF. The u;, should be correlated to MV and BE. Robinson [56]
and Gupta et al. [13] reported a linear relationship between MV
and the body surface area (BSA). Regression analysis was performed
to obtain the correlation between the u, and the BSA x BF. Fig. 9
shows that the u, would be increased with an increase in
BSA x BF for both genders. Fig. 9 also shows that the u, was basi-
cally linear in relation to the BSA x BF. A linear regression equation
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Fig. 7. Visible propagation distances of mouth only breathing and nose only breathing over time: (a) male, standing posture; (b) male, lying posture; (c) female, standing posture

and (d) female, lying posture.
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(b)

Fig. 8. Image of an exhalation airflow produced by a female subject (a) and details of the airflow in a vortex (b). The front of a single exhalation is typically corresponding to a vortex
like flow and the peak velocity in the vortex is larger than the propagation velocity of the vortex.
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Fig. 9. Variation of u, with BSA x BF of (a) the male subjects and (b) the female subjects.

was assumed as given by Equation (2). Table 4 gives the regression
analysis results of the slope k, the correlation coefficient r and the t-
test for . The r for all test groups was found to be more than 0.7 for a
p < 0.05, which shows that the uy, is linearly related to the BSA x BE.
However, due to the small number of points, the equation should be
further validated by more measurements.

3.3. Infection prone zones between two persons

As respiratory infection cases are often transmitted due to
obvious proximity relationship to the index case, to enable further
understanding of the exposure risk of contamination between two
persons, the exhaled flows generated by talking and breathing
between two subjects were visualized and captured by the high
speed camera.

The dispersion of the visualized exhaled flow would be recog-

_ 2 o1 . e A - md )
up (m/s) = k x BSA (m”) x BF (min—") (2) nized as an indicator of infection transmission especially for
droplets smaller than 1 pm with good air following performance. As
Table 4
Regression analysis of u, obtained by the defined Equation (1).
Postures and breathing patterns k Correlation coefficient r t-test
tr = r*fﬂ t0.025
n-2
Male Standing mouth 0.019 0.82 3.52 245
Standing nose 0.010 0.74 2.67 245
Lying mouth 0.011 0.81 3.09 2.57
Lying nose 0.011 0.71 245 245
Female Standing mouth 0.018 0.76 3.06 2.36
Standing nose 0.019 0.84 411 2.36
Lying mouth 0.015 0.88 4.49 245
Lying nose 0.010 0.73 3.00 231
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Group I

Group II

Fig. 10. Two pairs of female subjects performing mouth breathing.

airflow patterns could vary between subjects, flow interactions
between two different pairs of female subjects (Group I - 0.34 m
apart and Group II - 0.41 m apart) were studied, as illustrated in
Fig. 10. These subjects were situated on the edge of the concave
mirror. Their head positions were not fixed as in previous tests.
Corresponding real-time video clips are shown in Appendix B.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.buildenv.2016.11.032.

During a free conversation, the exhaled airflows from two pairs
of subjects was shown to be relatively short compared to mouth or
nose only breathing. Air flows expelled from both nose and mouth
during talking were observed and flow directions from the mouth
varied due to the content of the conversation. Most of the time,
expiration airflows from opposite subjects would remain separate
and were brought up by a constantly rising thermal plume around
their bodies (with a thickness of approximate 10 cm), although
occasionally the flow was shown to interact with the receptor's
thermal plume layer and interfered with the breathing zone. Mouth
breathing (nose in and mouth out) was shown to have a higher
potential to transmit diseases to receptor subject as the flow
generated by mouth breathing could spread over a longer distance
as compared with talking and are more horizontally directed than
nose breathing.

For Group I, the female subject on the right hand side was
shown to perform a downward mouth exhalation and the flow was
shown to enter the breathing zone of opposite person. While for
Group II, the upward flow from the person on the right side, was
shown to directly bend up over the head of the opposite person
without interacting with the breathing zone, demonstrating the
potential of mouth-breathing to transmit infection, which could
vary among individuals and also dependent on relative frequencies
in an unsteady state.

From our analysis of the infectious prone zone between two
persons using schlieren technique, the exposure level and hence
the infectious risk posed by respiratory pathogens were not at a
steady condition and always expected to have spatial variation. The
spatial distribution of airborne pathogens would govern the
exposure level of the receptor person. However, no existing models
could predict the complicated disease transmission process and the
infectious risk accurately by simply considering the spatial varia-
tion alone.

CFD would be a very promising tool to overcome existing
shortcomings of current risk evaluation models and would provide
useful information for infection control. Full understanding of
respiratory characteristics of real human subjects could play an
important role for accurate prediction using CFD simulation. More
work should be done to enhance our understanding of flow dy-
namics of human breathing.

4. Conclusions

How airborne pathogens disperse and distribute in the room air
could govern the exposure levels of susceptible persons to infec-
tious diseases. Accurate prediction of airborne disease transmission
and characterization of infection prone zones can aid infection
control. This work characterized the exhaled airflow behaviors of
human subjects and provided accurate boundary conditions for
CFD simulations of human breathing or by using manikins. The
main conclusions of this study are summarized as follows:

@ The expelled air could interact with the constantly rising
body plume from human subjects in different ways whilst
standing or lying. The spreading angles of the exhaled plume
was shown to have minimal variations between human
subjects. The 6; and 6, of mouth and nasal breathing
measured from side view were consistent in different pos-
tures with little variation. The measured mean angles ob-
tained in our study could be used to describe the average
level of the physical geometry of human breathing.

® The up and uy, could be used to describe the breathing ve-
locity from different aspects. The u, would be significantly
lower than the measured initial velocity ug 3. However, up
would not be useful as velocity boundary condition for CFD
settings as it could cause underestimation of the exhaled
velocity. The u;; would decay with increasing horizontal
distance along the centerline and the decay could be pre-
dicted by a power function. The mean u;, within the observed
region was found to be correlated to human physiological
parameters. Although the maximum propagation distance of
exhaled airflow by measuring up, or up would be difficult to
determine, as the exhaled airflow over 0.4 m would interact
with turbulent room air. We suggest more measurements
with human subjects to validate the prediction method for
the up, and uy,.

® The interaction of exhaled airflows with opposite (facing)
subjects could vary between subjects and breathing patterns,
implying possible complexity in prediction of infectious risk
exposure of human occupants in close proximity in room air.
The information on spatial distribution of airborne patho-
gens in the microenvironment between two persons is
particularly important for identifying and implementing
infection control strategies.
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Abstract

The flow interactions between the personalized air and the thermal
boundary layer (TBL) may play an important role to the inhaled air
quality and energy efficiency performance of a personalized
ventilation (PV) system. This paper aims to investigate these
interactions and their impacts on the performance of a PV system.
Schlieren imaging technique, Laser Doppler Anemometry (LDA) and
tracer gas measurements are employed to identify the airflow patterns
in the breathing zone (BZ) and the effect of the interactions on
ventilation effectiveness. Although it has always been considered that
it is difficult for a PV jet of low flow rate to penetrate the TBL, it is
found in this study that the TBL is penetrable even at invading
velocities lower than the normally recognized value of 0.3 m/s. The
advantage of the reduced blockage effect allows for a more effective
delivery of fresh air to the BZ. It is also shown that the airflow
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interactions alter the airflow distributions in the BZ and affect the
inhaled air quality. This interaction depends on the positioning and
direction of the non-uniform invading flow from the nozzle, which
should be carefully considered for optimal ventilation design to
enhance the effectiveness of ventilation at relatively low energy
consumptions.

Keywords: thermal boundary layer; personalized ventilation;
penetration; ventilation effectiveness; inhaled air quality; energy
efficient

1. Introduction

Personalized ventilation (PV) is a promising air distribution
approach to deliver clean air directly to occupants' breathing zone
(BZ), improving inhaled air quality, reducing contaminant exposure
risk [1-4]. Individual control of personalized air supply may increase
the occupant satisfaction. The PV systems can also reduce energy
consumption and achieve the same BZ air quality as obtained with
conventional ventilation systems such as mixing or displacement
ventilation systems [5-10].

The design intent of a PV system is to achieve effective localization
thermal comfort and indoor air quality (IAQ) at minimal energy cost.
The usage of PV system will permit to confine the conditioned air just
around each occupant separately thus allowing for considerable
energy saving. Yang et al. [5] reported 5% energy saving of a ceiling
PV when compared to a mixing ventilation system that maintains
almost equal thermal comfort and fresh air supply. Makhoul et al. [9]
found that the ceiling PV system of Yang et al. [5] assisted with desk-
mounted fans for reducing the convection thermal plume around the
occupant induced considerable energy savings of 13% compared to
mixing ventilation for equivalent thermal comfort and IAQ in terms of
COz in a space. Habchi et al. [10] optimized the ceiling PV combined
with desk fans and achieved enhanced IAQ at significant decrease in
the energy consumption. Greater efficiency in the ventilation systems
and reduced fresh air supply lead to energy and cost savings of the
ventilation facilities. However, it has always been a concern that
personalized airflow may not be able to penetrate the free thermal
boundary layer (TBL) around human body at low invading velocities



or flow rates [1,13]. The constantly rising TBL, caused by temperature
difference between the human body surface and cooler surrounding
air, may deflect the low-velocity personalized jet upwards and prevent
it delivering clean air to the BZ. This possible problem of PV could be
against the previously mentioned advantages, resulting in low
efficiency and potential high energy cost maintaining of the required
BZ air quality by the increasing the PV flow rate. On the other hand,
compared with substantial information on PV system configurations
and placement options [4-8,,11-13], little is known about the nature of
the flow interactions between the personalized air and the TBL[14-
19], which are essential to IAQ, thermal comfort and energy
consumption of the ventilation system. Bolashikov et al. [14]
indicated a minimum velocity needed for complete penetration is 0.3
m/s for flow directly against face. An airflow of 6 I/s supplied from
the front was reported to be able to penetrate the TBL, while
personalized jet at the lower flow rate could not reach the BZ [15].
Licina et al. [16] investigated how surrounding airflow patterns
(assisting, opposing or transverse to TBL) in the occupied spaces
affect the development of the TBL and found that uniform horizontal
flow disturbs the TBL at the BZ even at 0.175 m/s. These studies
investigated the airflow interactions only in terms of mean velocity
profiles in the BZ by using PIV system and did not focus on how the
flow interactions affect the inhaled air quality. The manikin in their
study was also not state-to-art as its inhalation was not considered.
While due to the disturbance that invading flow exerts over the TBL,
the flow in the BZ can be highly turbulent and it is hard to estimate
the penetration extent by merely velocity measurements and
meanwhile without considering the breathing process.

The interaction is affected by numerous factors: strength of the
TBL, metabolic rate and activities of the person, PV flow rate,
direction, temperature and turbulence intensity, etc. In practice, two
ways are normally suggested to enhance the penetration [3,9,10,15]:
(@) to increase the PV flow rate and (b) to decrease the strength the
TBL at the BZ. The first way may cause increased energy
consumption and eye irritation or draught risk for occupants. The
second way can be realized by blocking the development of the body
plume with barriers or decreasing the temperature gradients between
the body surface and the surrounding air. Melikov [1] indicated that



the highest ventilation efficiency of PV is obtainable when the clean
personalized air penetrates the TBL with minimum entrainment of
polluted room air. The interaction of the personalized flow with the
thermal plume around human body is therefore an important
consideration for the performance of PV system. However, little
information has been provided by previous literatures to understand
how the interaction between these flows influences the performance of
a PV system.

The objective of this paper is twofold: (1) to elucidate the possible
challenge associated with the use of low supply flow by the PV
system that may have difficulty penetrating the TBL; (2) to investigate
the impacts of the interactions between the TBL and the PV flow on
the performance of the PV system. Experiments are conducted in a
full-scale room equipped with diffuse ceiling ventilation. Schlieren
imaging technique is employed for this study to characterize the
turbulent flow interactions, complemented with velocity measurement
by LDA, which will provide both qualitative and quantitative
information for the TBL and PV flow investigations. The inhaled air
quality is evaluated by an index derived from ventilation effectiveness
by means of measuring the BZ concentration of tracer gas. Findings of
this study contribute to the knowledge of how the PV jet interacts with
human TBL and the improvement of efficiency of personalized
ventilation.

2. Methods and design
2.1 Experimental set-up

Measurements were performed in a full-scale chamber equipped
with diffuse ceiling ventilation. It is divided by the diffuse ceiling into
two zones: the plenum (4.8 mx3.3 mx0.35 m) and the working zone
(4.8 mx3.3 mx2.4 m). The facade of the chamber is constructed by
highly insulated wooden structures with a thickness of 0.33 m. The
heat transmission coefficient for the double glazing windows is
measured as 0.71 W/(m?-K).

A desk and a sedentary thermal manikin (TM) were placed in the
working zone to simulate a typical work place. Fig. 1 shows the
vertical section view of the test chamber. The cement-bounded wood
wool panels, penetrable to air, with a thickness of 0.035m, are
constructed as the diffuse ceiling to separate the two different
functional zones and distribute air uniformly. The general ventilation



air is supplied through an upper opening, enters the plenum for
circulation and then goes through the ceiling-mounted diffuse panels
into the working zone. The exhaust is located in the lower corner of
the facade with a diameter of 0.16 m. It is connected to an orifice plate
and a frequency variable fan. The volume of the general ventilated air
is controlled by a valve mounted on the exhaust duct and measured by
a micro manometer connected to the orifice plate. Similar setup was
also applied to the PV supply ducting, as shown in Fig. 1. The fan,
creating a pressure difference between the chamber and the outside,
produces driving force of the air circulation. The circulated air is
exhausted through the building exhaust ducting. Six vertical columns,
containing 7 thermocouples (type K, accuracy £0.15 <) and 6
anemometers (Dantec 54N 10, accuracy £0.01 m/s) for each, placed
along the axes of the chamber were used to measure the air
temperature and velocity distributions in both vertical and horizontal
directions. It is found that the temperature gradients along vertical
height are negligible under mixing ventilation induced from the
diffuse ceiling. The temperature is basically uniform in the working
space, which is slightly higher close to the TM. The velocity generated
by the general ventilation system in the test chamber is below 0.06
m/s, except for higher measured value in the vicinity of the diffuse
ceiling of around 0.13 m/s. Relevant description of the test chamber
with diffuse ceiling and test probes can be found elsewhere [20,21].

The personalized ventilation nozzle was designed to have a nozzle
diameter of 50.8 mm and a tube diameter of 83.0 mm, with a length
160 mm, which is slightly different from the dimensions in literature
[13]. The nozzle was aligned with the manikin, with the nose tip 0.4 ~
0.8 m away from the nozzle exit. Fresh air from outdoor was supplied
through PV ducting to the manikin’s BZ. The PV flow rate were
measured and adjusted, with a minimum value of 1.5 I/s, which is
lower than the amount of clean air recommended per person by
ANSI/ASHRAE Standard 62.1-2004 [22]. However, a lower flow rate
would present a more challenging condition for the PV jet to penetrate
the TBL. Due to the flow acceleration in the convergent nozzle, and
with the aids of two honeycomb flow straighteners placed in the
upstream of the nozzle, the measured turbulence intensity at the
nozzle exit was considerably low, with a maximum value of 5% for
1.51/s.
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Fig. 1. Experimental set-up of the test chamber. The drawing is not to
scale.
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Fig.2 Relative position between the nozzle and the manikin. The
centerline of the nozzle is pointing to the nose point PO which is 10 mm
away from the face. Velocities at PO~P4 are measured by the LDA.
Tracer gas concentration, ¢, was measured at PO~P2 for test cases
without manikin and for cases with manikin the ¢ is measured in the
tube connected to the artificial lung and at P1 and P2. Units of the
drawings are in millimeter.

The TM represents 1.68 m tall female as shown in Fig. 2. The
manikin was nude and assigned seated upright in a wooden chair.
During the measurements, the manikin was placed 0.12 m away from
the front table edge. The heat flux of the manikin body was controlled
to a desired set point at a metabolic rate of 1.2 met, corresponding to a
sedentary female for light office work [23]. The latent heat release was
neglected and the detailed calculation process of the total heat input
for the manikin with a metabolic rate of 1.2 met can be found in Xu et
al. [24,25]. The manikin’s skin temperature was measured at an
average value of 30.1 < and the average plume velocity near the face
was measured as 0.18 m/s in calm indoor environment. To test the
inhaled air quality, the manikin was attached to an artificial lung to
perform nose breathing (breathing frequency 10 min!, minute volume
6 I/min, exhalation disabled).

2.2 Measuring facilities and design

The real-time schlieren technique was applied in this study to
visualize the dynamic development process of the nozzle jet and the
turbulent interactions between it and the rising thermal plume. The



structure of the optical system was in consistent with the one used in
literature [26]. The underlying principle of shadowgraph imaging
relies on light passing through air of different temperatures, which
have differing refractive indices. Cooler nozzle jet and warmer
thermal plume around the body than the ambient air produce light
refractions and would be visible in the camera. One example of the
PV nozzle supplying air to a male subject is given in Fig. 3.

Entrainment of =7
Contaminated Air Clean 2

Fig. 3. Schlieren image of the flow interactions between a male
subject and the PV jet. A real-time video can be found in the
supporting information.
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Fig. 4. Velocity and concentration decay along the jet centerline for
free nozzle jet (log-log coordinates).

Fig. 3 shows the PV jet aims at supplying clean air to the BZ of a
person. However, with the development of the nozzle jet, polluted air
from the surroundings is entrained in form of vortex rings in the
turbulent shear layer. As a result, the clean air core shrinks and
gradually disappears after a length, . Here the clean air core is not
long enough to reach the inhalation zone of the person as illustrated in
Fig. 3. The front end of the jet interacts with the TBL and causes
drastic mixing of clean air with it. As depicted in Fig. 3 the length of
the clean air core is 3~4 times the diameter of the nozzle, D, over a
flow rate ranging from 1.5 I/s to 4 I/s , which corresponds well with
that of a free jet [27] as well as the length of constant velocity core
determined in Fig. 4. The centerline velocity, u, and concentration, c,
are normalized with respect to their nozzle exit values, up and co. Fig.4
presents the decay of centerline velocity and concentration for the free
nozzle jet, which serves as a powder function. The decay profile of u
and c basically corresponds with each other with a more rapid velocity
decay for 1.5 1/s.

A laser, placed in the BZ at 10 mm away from the nose tip along a



vertical transverse line near the manikin’s face, was used to measure
the velocity components of ux (mean velocity along the x axis) and uy
(mean velocity along the y axis), providing quantitative analysis of the
flow interactions within the TBL. The mean resultant velocity, U,
within the two-dimensional BZ plane is given as:
Up = JUx? +uy? (1)

The general ventilation supplies 60.2 I/s of air, corresponding to 5.4
ACR. Nitrogen Oxide (N2O) was used as tracer gas in this study,
which was dosed to the PV supply air by a constant volume ratio of
4%. Concentration measurements were taken in the manikin’s nose,
along a vertical line within the manikin’s BZ (5 cm and 10 cm down
away from the manikin’s nose, with a horizontal distance of 10 mm to
the manikin’s nose tip, see Figure 2), in the PV nozzle (before exit)
and the chamber exhaust, as shown in Fig. 1. Multipoint sampler and
doser (INNOVA 1303) and photoacoustic field gas monitor
(INNOVA 1412) were used to measure the concentrations of N20O.
The temperature of each segment of the manikin was recorded, as was
the temperature of the nozzle jet, the chamber, the ceiling supply air,
and the exhaust air. Temperature was measured using thin type K
thermocouples

The index related to ventilation effectiveness has been widely used
to assess the performance of a ventilation system [12]:
va — Ce

8 =
V¢

pv ~ Cbz
()

in which ¢,y 1s the N>O concentration at the nozzle exit, c. is N2O
concentration in the exhaust, and ¢ is the N>O concentration in the
inhalation or at a point in the BZ. In order to assess the percentage of
clean air inhaled with PV, an air quality index, &\ , related to &,, was
employed by normalizing the N>O concentration in inhalation or the
BZ with respect to that in PV, which can be expressed by [13]:

Cpz — Ce 1

8 = —-———=
pv
pv — Ce &y

3)
This index also indicates the mixing degree of personalized
ventilation with room air at the BZ [28]. We note that ¢,,=0 for fully
mixed conditions and &,,=1 when the air as clean as the PV is present
at the BZ. ¢,, was also used to present the ability of the PV’s
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penetration of the TBL around the body. &5, should be lowered with
the presence of the TBL and may reach zero even when the thermal
plume isolates the person from clean air [14]. The tracer gas
concentrations, c. and ¢,y are found to be relatively stable during
experiments, so they are considered to be constants or each
measurement. The uncertainty of ¢, is expressed by the deviations of
¢z, regarding the intense interactions between the PV flow and the
TBL in the BZ.

Table 1 lists the three test series investigated in this study, which
compares the impacts of the interactions of the TBL with PV and the
presence of TM as an obstacle on the effectiveness of PV. The effects
of the PV flow rates (=1.5 l/s ), the relative horizontal distances (40
cm~100 cm) and the placements of the nozzle were also discussed.

Table 1 Setup of three experimental series.

Thermal Manikin or  Isothermal No Manikin

Non-isothermal Manikin (NM)
Manikin (TM) (ISOM)
Manikin heat output 70W 0 \
Avg. body surface 30.1 C 24.2 C \

temp.

Ventilation conditions PV temp. 22.6~23.2<C; Room air temp. 24.3<C;
Room surface temp. 24.1<C; Room air velocity
0.01~0.13 m/s

3. Results and discussion
3.1 Penetration velocity

For two different PV flow rates of 1.5 I/s and 2.5 1/s, corresponding
to average exit velocities of 1.05 m/s and 1.63 m/s, respectively, it can
be seen in Fig. 5 that the centerline velocity approaching the
manikin’s nose decreases significantly with the presence of the TM
than without manikin. The received velocity in the BZ, up, 10 mm
from the manikin’s nose, decreases with longer nozzle-exit-to-target
distance, d. For 2.5 1/s, the centerline velocity, u, at a d =100 cm drops
nearly by half (from 0.363 m/s to 0.186 m/s), which implies the PV jet
may still penetrate the TBL even at relative long facing distances.
However, for 1.5 /s at d=60 cm, u is reduced from 0.265 m/s to
merely 0.047 m/s, approaching the turbulence level of the calm room
air. It seems the invading velocity is too low to penetrate the TBL.
This basically coincides with the critical value of penetration



recommended by Bolashikov et al. for a minimum of 0.3 m/s. A
schlieren image video (Appendix Video S2) that records the dynamic
process of flow interactions for 1.5 I/s shows that the PV jet collides
with the constantly rising plume around body at the mouth height and
induces an anticlockwise vortex ring in this area. The jet is then lifted
by the upward plume and mostly moves above the manikin’s head.
Previous studies [14,15] reported that the velocity decrement to nearly
zero and the upward velocity deflection could serve as the proof that
the PV flow failed to penetrate of the TBL.

However, it seems unreasonable if compare the velocity decrement
in the BZ between the non-isothermal manikin case (TM) and the
isothermal manikin case (ISOM ). The TBL around the manikin may
not be the dominate reason for the velocity decrement. Table 2 shows
that u for ISOM case near the nose point (10 mm from the nose tip) is
also reduced to merely 0.063 m/s, even without the interference of the
thermal plume around the manikin body. It is evident that the
influence of the thermal plume on the velocity decrement in the BZ is
insignificant.
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Fig. 5. Absolute velocity at the manikin’s nose point with different relative
distances between the thermal manikin (TM) and the PV nozzle.
Table 2 Velocity measurement by LDA in the BZ for 1.5 I/s at d=0.6 m

Dimensionless u/u,

TM (Non- ISOM
isothermal (Isothermal
Manikin) Manikin)
Vertical Height (Fig. 2) Uy Uy Ux Uy
Above 10 cm (P4) Avg (m/s) 0.112 0.097 0.181 0.220
RMS (m/s) 0.103 0.085 0.120 0.155
Turb (%) 916 868 662 705
Nose point (P0) Avg (m/s) 0.047 0.002 0.054 0.032
RMS (m/s) 0.087 0.080 0.116 0.09
Turb (%) 185.4 4088.4 213.1 281.3
Down 10 cm (P2) Avg (m/s) 0.082 0.048 0.056 0.024
RMS (m/s) 0.138 0.107 0.103 0.096
Turb (%) 168.6 2225 185.6 409.1
Down 20 cm (P3) Avg (m/s) 0.053 0.181 0.117 -0.005
RMS (m/s) 0.054 0.184 0.188 0.065
Turb (%) 101.8 1019 160.6 1190.7




The velocity decrement can be attributed to the momentum loss as
the PV airflow approaches the manikin’s body that is present as an
obstacle in the flow. Yang et al. [29] reported that blockage effect of
an unheated manikin on downward personalized airflow distribution
was able to reduce the centerline velocity to about 85% at 0.2 m right
above the manikin’s head. Fig. 6 further verifies this result, as no
significant difference of the u; is found over varying PV flow rates
(1.5 1/s~5 1/s) at both PO (nose point) and P1 (chin point) between the
TM and ISOM . The PV jet decelerates as it approaches the stagnation
point at the nose. While it accelerates, in contrast, as it passes by the
sharp chin point from P1.

We therefore note that the judgment of penetration by merely
velocity measurement could be insufficient, which should be
complemented by the concentration measurement to show whether the
PV air enters inhalation. Fig. 7 illustrates the decay of inhaled &,y with
increasing d. For 1.5 I/s at d=0.6~0.8 m, the ¢, s very low but still
over 0.25, corresponding to a ventilation effectiveness of 1.3, which
means that a small fraction of clean air can still be inhaled even at a
low invading velocity (¢=0.8 m, u=0.177 m/s), probably attributable
to the turbulent circulation and mixing of clean air with polluted
plume air at the BZ, as illustrated in Video S2. The effect of
interactions with the thermal plume on the PV performance will be
further discussed in section 3.3. To summarize, the TBL is proved to
be penetrable by clean air from PV even at an invading velocity below
0.3 m/s in this study. From Table 2 and Fig.6 it can be seen that both
the manikin body and the TBL affect the velocity distribution patterns
in the BZ.
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3.2 Effect of thermal manikin
Fig. 8 compares the measured ¢, for the TM and without manikin
(NM) along a vertical line 10 mm from the manikin’s nose for d=40,
60 and 81 cm, respectively. It can be seen that the presence of the TM
modifies the PV airflow distributions in the BZ. At low clean air

supply (=5 I/s), the conventional single nozzle PV system can achieve

a BZ ventilation effectiveness of merely 2. As expected, the increased
clean flow results in improved BZ air quality, albeit not in proportion
to the increased clean flow.

When there is no manikin in the downstream of the PV jet, the
concentration profile along y-axis (vertical direction) presents a “bell
shape” with the maximum value in the centerline and deteriorating air
quality till the jet’s boundary layer due to the entrainment of polluted
ambient air. Here also, ¢,, decreases with longer y down from the
nozzle centerline. For the d=40 and 60 cm cases, the dashed lines in
Fig.8 show clear stratification for y=0, 5 and 10 cm, respectively.
While the ¢, 1s all quite low for the three y distances for d=81 cm



case over a limited range between 0.2~0.3, as the “bell cap” of the
concentration profile is becoming flat with the increasing d. For d=40
cm, &y 1s merely around 0.1 at y=10 cm. This is probably because the
location of this sampling point is close to the jet’s shear boundary.

With the presence of the TM, the ¢,y at y=5 cm is significantly
advanced, which is even higher than the inhaled &,, for the =60 cm
case. This can be explained by the enhanced u, when the jet bypasses
the manikin’s chin due to the blocking effect. The ¢,, at y=10 cm is
also increased for =40 and 60 cm cases. The results indicate that the
manikin changes the original directions of the nozzle flow and
accumulates it in the vicinity of manikin’s BZ, and the inhaled air
quality is not improved but slightly lowered because of the effect of
the polluted thermal plume air.
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3.3 Effect of thermal plume
Fig. 9 shows measurements of the flow both when the manikin is
isothermal (ISOM ) and when the manikin has a thermal boundary
layer (TM). The Fig.9 shows the effect of thermal plume for d=60 and
81 cm, respectively. It can be seen that the most significant effect of
the thermal plume on the ¢, is at y=10 cm, the neck height, which is
lowered when there is thermal plume interacting with the PV jet. But
the lowered ¢,y at this height did not affect the inhaled air quality
significantly. The difference between the inhaled &,, for the two cases
is small. The increased &,, at both =5 and 10 cm for ISOM compared
with NM (Fig. 7) also indicates the clean air distribution can be



considerably influenced by the presence of the manikin.

Although the manikin, placed farther away from the nozzle exit and
given lower clean flow rates, exhibits certainly lower values of ¢,y in
the BZ, a small fraction of the amount of clean air can still break
through the resistance of the TBL and reaches the BZ. This is partly
because the upward thermal plume interacts with the transverse PV jet
in the BZ and leads to turbulent circulation and mixing of clean air
with contaminated room air, which will be drawn by the manikin’s
inhalation afterwards. Another reason for the penetration is probably
relying on the weakened body surface temperature owing to the
draught from the cooler PV jet. Measurements show that the
increasing PV flow (1.5 1/s ~ 4 1/s) decreases the surface temperature
around the head and the chest by 2~3 <C. Melikov and Zhou [30] also
reported that a horizontal isothermal airflow from behind with a mean
velocity of 0.1 m/s and a turbulence intensity of 10% was able to
decrease the air temperature near the skin surface by 4 °C and to
increase the local heat flux by 22%. The decreased body surface
temperature would therefore weaken the strength of the thermal plume
and present a less challenging condition for the PV jet’s penetration of
the thermal plume. The reduced challenge leads to potential energy
savings of the ventilation facilities.
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Fig. 9. Effect of the manikin’s thermal plume on gpv .
3.4 Effect of placement of nozzle

The amount of inhaled clean air from the PV has shown dependence
on the design of the nozzle and its positioning in regard to the
occupant and the direction of the personalized airflow [12]. The air
terminal devices of PV systems should also allow adjustments of
directions according to the occupants’ preference. The Fig. 10 and
Fig.11 show the effect of the nozzle’s positioning and direction on the
BZ air interactions and the air quality. The nozzle horizontally aligned
to the manikin’s nose was used as the baseline case (C-B). Two
different heights: 76 mm above (C-1) and 70 mm below (C-2) the
nose height with the nozzle horizontally placed, and two different
angles: 8.5° upwards (C-3) and 7.5° downwards (C-4) pointing to
the manikin’s nose were compared for analysis, as shown in Fig. 10.
The relative distance between the nozzle exit and the nose front is
maintained at 40 cm for all the preceding five cases. So is the PV flow
rate with an identical value of 2.5 1/s. Sclieren video clips (S3-S7)
recording the five different airflow interaction processes may be found
in the supporting information.

The velocity vectors measured by LDA at three vertical heights (10
cm above the nose, the nose front, and 10 cm below the nose) are
scaled and plotted on the Fig. 10. As seen in Fig. 10 the velocity
distributions in the BZ are changed by the positions and angles in
which the nozzle is placed. The schlieren images also show different



airflow interaction characteristics among the five cases, in terms of
different conflicting heights and directions with the TBL as well as
vortex ring sizes and the locations where it appears.




Fig. 10. Schlieren images of the interaction between the TBL and the
nozzle placed in different positions.
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Fig. 11. ¢, for different nozzle positions (2.5 /s, d=40 cm) .



In the base line case, the interaction between the PV jet and the
TBL for the manikin is similar to that for a real person (Fig. 3). The
vortex ring occurs both at the jaw height due to the competing
turbulent airflows from transverse and vertical directions. As for the
€pv , 1t 1s considerably lowered when the nozzle is horizontally placed
higher or lower than the nose height, decreasing from 0.45 to 0.35 and
0.24, respectively. For test series C-1 and C-2, the anticlockwise
vortex ring respectively appears at mouth height and the chest height,
where the lower boundary of the nozzle jet collides with the rising
body stream. The vortex at the chest height is larger in size than the
one at the mouth height. Actually, the inhaled air for C-1 is mainly
drawn from the eddy flow, while for C-2 the inhaled air is from the
upper boundary of the nozzle jet mixed with the thermal plume
turning up around the jet column from the left and right sides rising
from the lower part of the body. The directions of the nozzle jet in
regard to the thermal plume also have significant impacts on the
ventilation effectiveness of the PV. When the nozzle inclines upward
pointing to manikin’s nose (Fig. 10 C-3), the upward direction of the
velocity component along axis y is consistent with that of the body
plume, so the confliction between these flows is not as intensive as
that in the base line case. The thermal plume in this case (C-3)
remains upward and is not strongly disturbed by the PV flow. The
inhaled air is hence drawn from the rising mixture of the personalized
air as well as the thermal plume, causing lower &,y than that in C-B.
On the contrary, ventilation enhancement in the BZ can be found in C-
4 with downward supply air. This is probably because the downward
cold flow restrains the upward development of the warmer thermal
plume and results in higher percentage of clean air in the BZ
compared to C-3. The results indicate that the transverse and
downward flow (pointing to the manikin’s nose) in this condition
performs better than flow from other directions.

3.5 Energy saving potential of PV

Previous studies [5,9,10] have indicated the advantages of PV
compared with conventional mixing ventilation (MV) resulting in
considerable energy saving. The usage of PV allows a higher
macroclimate temperature in the room while maintaining the
acceptable thermal comfort and air quality simultaneously, owing to
the personalized air creates a relatively clean and comfortable



microenvironment around the occupant. In addition, the distance
between occupants may also be properly reduced, resulting in more
efficient space use, as the PV has been observed with the ability to
prevent contamination and disease transmission between occupants
[10]. These preceding characteristics of the PV could lead up to a high
energy saving potential comparing to the conventional MV systems
where the temperature and freshness of air of the whole room should
be maintained to achieve the equivalent thermal comfort and air
quality.

This study applies a conventional PV system coupled with the
diffuse ceiling ventilation (DCV). Ventilation effectiveness of the
DCYV is comparable to conventional MV in spite of slight indications
of displacement effect. The real operating performance of the DCV
has been tested in a classroom [31] and it shows a complete mixing of
CO: with room air within the occupied zone, implying a ventilation
effectiveness of around 1. It can be inferred that even though the total
volume of supplied air from the ceiling diffuser is increased to a
considerable amount, the ventilation effectiveness will not be
significantly improved but keep around 1. This is the key feature of
the MV system which has almost homogeneous air everywhere in the
room. However, the ventilation effectiveness could be significantly
improved by using PV coupled with MV because fresh air is directly
delivered to the occupant’s BZ by the PV without circulating in the
whole room. In this study, a small portion the DCV air of about
4~10% used as personalized air (PV of 2.5~6 /s divided by DCV of
60.2 1/s) can achieve of ¢, of around 2. Proper combinations of PV-
MYV may therefore result in higher energy savings than a PV or MV
system alone [9,10,32,33] as the integrated system can be able to
provide the best compromise between comfort and air quality.

This study indicates that a small fraction of clean air can still be
inhaled even at a low invading velocities. The PV is able to provide an
improved inhaled air quality with less amount of fresh air and create
relatively clean microenvironment around the occupant. The localized
airflow dynamics directly affect the performance of a PV system and
should be carefully considered for optimal design. Some previous
researchers have realized the importance of interaction between thermal
plume around human body and personalized air and proposed
corresponding PV configurations to enhance the ventilation



effectiveness and energy savings. Yang et al. [29] defined the neutral
distance as the one from the PV nozzle where the impact of thermal
plume on velocity distribution was observed and found that it increased
from 0.8 m to 1.1 m with the increase of the airflow rate from 4 1/s to
16 1/s for a ceiling mounted PV nozzle. Gao and Niu [28,35] placed the
PV nozzle just beneath the chin to avoid long distance contamination
by ambient air and reported that a minimum flow rate of 0.8 1/s is strong
enough to overcome the disturbance of the thermal plume and provide
enough clean air to the BZ. Makhoul et al. [9] proposed the single
ceiling PV jet combined with desk fans which were able to control the
convective plumes emanating from the human body allowing the
personalized air to reach the breathing level more effectively. A reduced
energy saving by up to 13% was achieved by this system compared to
conventional mixing ventilation systems. The interactions patterns
between the supplied air from PV and the TBL should be an important
consideration for the improvement of BZ air quality, thermal comfort
and energy consumption in optimal ventilation design.
4. Conclusions

This study found that the velocity decrement in close proximity to
the manikin is dominated by the blocking effect of the manikin body
rather than the thermal plume. The concern of PV jet’s penetration of
the thermal plume seems not as challenging as expected and should
not be considered as a critical factor for PV system design. In practice,
lower penetration velocity of clean air may be helpful to achieve
lower energy consumption to supply decreased outdoor clean air.

However, the interaction between the PV flow and the TBL cannot
be neglected even when the penetration of clean air is achieved,
because of its significant impacts on the BZ air distributions. The
presence of the manikin in combination with the effect of the
interaction modifies the airflow patterns in the BZ in terms of velocity
and clean air concentration distributions. This airflow interaction also
depends on the direction and the magnitude of the non-uniform
invading flow from the nozzle. Different placement of the nozzle,
aligned with the manikin with different vertical heights or angles,
alters the interaction characteristics in the BZ and leads to inhaled air
quality variations. These findings imply that the airflow dynamics in
the localized area around the occupant plays an important role in the
performance of a PV system and should be carefully considered in



order to reduce personal exposure to ambient pollutants, thermal
discomfort and energy consumption. .
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