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Abstract

This thesis is concerned with advancing the modelling dhe building occupant
thermal interaction in building simulation tools. A detailed multi-segment human
thermal model has beenmplemented within the building simulation tool ESRr

and its integrated computational fluid dynamic CFD module.

The improvement of ESPO 8lDilding occupant representation in building
simulation has been done in threestages. Wih the complexity of the integration

increasing in each stage.

In the first stage, aesponsiveoccupant heat load model has been developed and
implemented in ESPr. In this model, the sensible and latent heat loads are
regressionequations derivedfrom the literature and are a function of operative

temperature and metabolic ate.

In the second stage, a twmode thermo-physiology model has been developed
and implemented that dynamicallysimulate with the thermal building model.
This ensures that occupant thermal models are responsive to the prevailing
conditions and secondly improves the resolution modelling of occupants and
their environment. In addition, clothing adaptation has been considered by

implementing a dynamic clothingalgorithm.

The third stageinvolved implementing a multi-segment human thermal model

within ESRr andits integrated CFD module.

The integration of all three levels of occupant modehas been validated with
published experimental data. Moreover, each of the three approaches has been

demonstrated using example applications

It is hoped thatthesefully-integrated models of occupant thermephysiology help
advance the modelling othe indoor environment, occupant thermal comfort and

building performance prediction within awhole-building simulation.
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Introduction

Chapter 1: Thesis Introduction

1.1 Introduction

The global building sectoraccounted for 36% of total final energy consumption
in 2018 and 39% of the energyrelated CQ emissions as stated in the United
Nations Environment ProgrammeUNEP Global Status Report 2@1(IEA and
UNEP, 2019) The majority of this energy is consumed in heding, cooling and
ventilation of spaces(IEA, 2019 a) Worldwide, there is a massive demanda
reduce the energy consumed in buildings. According tihe International Energy
Agency(IEA) the global building sector energy demand is growing fast and could
reach 50% of tdal final energy consumption in 2050, whee the major growth
comes from develophg countries (IEA, 2016; IEA, 2019 b)

People spend the majority of their timearound 90% in buildings (Klepeis, 2001)
consequently, occupant comfort is one of the main performance metrics to
evaluate during the desig stage. However, in the era of sustainable buildings,
building designers (building physicists) must balance comfort with minimising
energy consumption. This is a complex issue, giecularly in low carb on buildings
with natural ventilation or mixed -mode ventilation. Such sustainable ventilation
designs often feature a fluctuating indoor thermal environment; there may also
be a norruniform thermal environment such as radiant surfacesor solar gain
from large windows, and allowance of temperature drift by using control
strategies which allow ambient temperatures to drift in the acceptable thermal
comfort zone which is considered a way of reducing energiHensen, 1990;De
Dear, 2002 Zmeureanu et al., 1992Karmann et d., 2017). In such cases achieving

acceptble comfort requires the use of appropriate models and tools.
1.2 Building simulation tools

A huilding simulation is the process of creating a virtual building where the

designer has theability to specify in detail all parameters that have anmpact on
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the building performance. The designer always tres to bring the simulation

results as possibleascloser to reality (Hensen, 2012 Clarke & Hensen, 2016

Building simulation has been developed toprovide an immediate and dynamic
solution of thermal and mass flow in buildingsMoreover, a building simulation
can give gorojection of what environment the occupantss likely will be exposed

to.

The use of building simulation tools has increased rapidly over the last five

decades (Crawley et al.,, 208). This was due to the improvement of the

computers, the energy crisis that led t@anincrease in the interest in sustainability

and the rise of various ideas such as ZebwAOAT T " OEI AET ¢O AT A ./
Buildings. Moreover, more building regulaion is relying on building simulation

to show compliance(Coakley et al., 2014) Therefore, there are a wide variety of

energy simulation engines available today like (ESR TRNSYS, DOR, BLAST,

Energy Plus, IDA ICE, Virtual Environment, etc.). Every sitation tool has some

advantages and limitations (Crawley et al., 2008) The complexity of these

programs ranges from steadystate calculation to high resolution of calculatn

including (computational fluid dynamic) CFD simulation.

p8¢8PEI AET Ci OEI BIi BOEOET 1
With all the advancement and developments on theggieces ofsoftware, there
are still a number of simplifications. Further, simulations in these tools are a
theoretical representation of the building of both status and operatiorilherefore,
it is not possibleto reach exactsimilarity in the energy use prediction with the
real-life one (Coakley et al., 2014 de Wide, 2014), as internal loads may be
different (Hoeset al., 2009) weather data may not match the real climate and
many other reasons. Designers usuallymake assumptions, especially the one
regarding building usage once the building is established the Bding may be
used differently. That will change theactual energy use compared to what

originally planned (Dodoo et al., 2017Daly, et al., 2014)
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Building simulation tools are only as reliable as the accuracy of their inpuOne
of the important and influential inputs is the occupant internal loads.
Traditionally occupant internal loads are representedn building simulation tool
as a fixed amount of heat flux or timevarying profile, representing the
contribution of the occupant heat gains to the thermal energy balance of a
building. However, such approab is problematic, when considering buildings
with varying indoor conditions as occupant heat gains are affected by the thermal
environment like air temperature, mean radianttemperature, humidity, and air
velocity (ASHRAE standard 55, 2017)along with sorme personal factors like
metabolic heat production and clothing. Assuming atatic occupant heat load
therefore, could lead to inaccuracies, both when assessing comfort andchen
calculating heating and cooling loads. In general, the predictions of coolilagd
heating demandof a building are one of the determinants in successfateasures
of energy-saving (Crawley et al., 2008) With all that in hand still these tools are
the best approach to simulate the energy use and occupant comfant buildings.
The cortribution of this thesis is therefore to advance the stateof-the-art in how
occupant internal gains are represented and integrated into building simulation
tools, intending to improve predictions of thermal comfort and heating/cooling

loads.
P 8cAAOBAEAAO 11T AAO

The human body produces heat mainly from the oxidisationfdood in the body,
through the processof metabolism. The main objective of burning food and
generating heat is to keep our body warm and have a nearly constant body core
temperature. The body surface area; body mass, age and sex in addition to the
physical activity all affect the heat generation rate. The human bodgsesthe heat
generated to the enwonment by the different means of heat exchang@arsons,
2014).

The metabolic rate § one of the major factors thatdetermine the total heat
transfer from the human body,but the metabolic rate alone des not dictate

which form the heat is transferred.Heat is dissipated from the human body
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through convection, radiation, evaporation and onduction where a higher

metabolic rate leads to greater heat loss tde environment (Hoppe, 1993).

Clothing is another factor as clothing play the role of the insulation layer that
preserves heat from being dissipated to the outer environment.Clothing reduces
the amount of both latent and sensible heat load. The higher ¢hclothing

insulation the less heat is dissipatedo the environment (Arens et al., 2006)

Both air temperature and air velocity affect the amount of heat dissipated by
convection. In a naturally ventilated zone, higher temperature fluctuation and
higher air velocity are noticed compared to conditioned tight buildings. The
human body will alwaystry to regulate its temperature through physiological
phenomena like shivering, sweating antlood circulation control. From all above
one can approximately determne whether the human body feels thermally

comfort or not (Arens et al., 2006)
1.3 Occupant thermal comfort

ASHRAE definsthermal comfort, as the state of mind that expresses satisfaah
with its environment (ASHRAE standard 55 2013I1SO 773Q 2005). Multiple
factors can influence occupant thermal comfort it could be physical, physiological
or psychological. In fact, people sitting in the same thermal environment could
have different thermal sensations, even though they are from the same age group
and a smilar cultural background (ASHRAE standard 55 2013De Dearet al.,
1998).

During the desgn stage of new and retrofit buildingthe comfort of its occupants
is typically evaluated bydoing a simulation using building performance tools.
Many models to catulate comfort are available and adopted in standards, are
based on correlations of thermalcomfort criteria. The most widely used is the
mathematical model developed by Fange(Fanger, 1970), which is based on
results from climate-controlled chamber expeiments. This model is appropriate

for static and uniformly thermal conditions since it congders that all people
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achieve thermal comfort in a narrow, welldefined range of thermal condiions

irrespective of race, age and gender.

During steady-state, the rate of the metabolic heat generated is equal to the rate
of heat loss from the body(Djongyanget al, 2010). However, in cases such as
natural ventilation or when allowing a large tempeature fluctuation, the Fanger
model could lead to unreliable resultgJones, 2002) In addition, many cases exist
in buildings where occupants have diffeent activity levels,that can be seerin
hospitals andcare homes for theslderly when nurses have hgher metabolic rates
compared to patients(Van Hoof et al., 2006; Wangt al., 2008) Each group could

have different thermal comfort.

N ~
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Accuratemodelling of the thermal environment is required to predict the thermal
comfort level of the occupant duing the design stage. It is very important to
consider the building envelope and tle systemsusedto thermally condition the
space when assessing thermal comfort. Therefore, it is esgml to have
accurately predicted information on local air temperature mean radiant
temperature, air velocity and relative humidity in a room in order topredict
occupant comfort. The occupant comfort level does change over time and that is

due to the transient nature of the environmental parameters.

The building simulation tool classicallyrepresents a room as one single control
volume since it is easier for the modeller to conceptualise, and it is
computationally efficient and simple On the other hand, in the solution, the
whole air volume is represented as one node asttfie air is well-mixed resulting
in asingle value of air temperature andho information on air movement within
the room. The well-mixed air assumption in building simulation tools ignores
temperature stratification, stagnant areas, thermal plumes and coldraughts that
usually exist in rooms(Cook, 1998;Bartak et al., 2002) As previously explained

the local thermal environment of the human isessentialto predict its comfort.
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When thelocal environment of the human body is necessary, such as local air
velocity and air temperature the use of computational flud dynamic CFD

approach should be consideredo resolve local intrazone air flows.

The internal loads such as occupant thermal &ls also have a significant impact
on the energy use and consequentiyne comfort level.The loads areconsiderable
especially in non-domestic buildings, wherea large number of occupants are
usually present in the same zonesuch as in hospitals, schoolstheatres and
offices. Consequently, it is very important to identifyliese loads as accurately as
possible, as well as the diffrentiating between the heat and moisture emissions
in a zone. Since occupant heat loads are sensitive to the variation of thertnal
environment conditions, using a dynamic occupant heat loathodel, which is
responsive to changing environmental conditios is crucial. Additionally, the
variation provided in a predefined prescription like the change in occupant
number, activity leve and clothing level should be defined as accurate as possible

to achieve greater realism in simulation prediction.
p8at8ACOECIC &£ O 4EAOI AT #11 &£ 00

For many years, engineers and designers have used building simulation tools to
predict the comfort and the energy performance for new and retrofit buildings,
assessing differat options (de-Wilde, 2018, Hong et al., 2000. In building

simulation, there are twogeneral thermalcomfort modelling approaches.

E First, the models used in standards which consider #haverage of the
whole body like the Fanger{Fanger, 1970)Gagges twenode model(Gagge
et al., 1986)

¥ Second the adaptive modds, deDear (De Dear et al., 1998summarised
the adaptive approach into three categories: behaviour adaptation,
physiological adaptation and psychological adaptation(IEA EBC Annex 66,
2017; Jones2002; Nicol et al., 2002.
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The strength of adaptive models tends to increase with theapability of the
occupants toregulate their thermal comfort; personal fansfor example, operable
windows, or a relaxed dress codd ASHRAE2017). A human thermal canfort
model can contribute to the adaptive model by providing detailed thermal
comfort analysis, the model can be used as an adaptive controller to adapt all
thermal comfort influencer as window opening, clothing adaptation or even

applying personal coolirg or heating devices.
1.4 Continuing the evolution

Building occupant heat loads ratio is significantly dependent on the
environmental parameters, consequentlyinternal heat gain from the occupant
affect the prediction ofthe thermal environment, both predictions rely on each
other. To predict internal heat gain from occupants more precisely and evaluate
the occupant thermal comfort in a dynamic wayntegration of detailed occupant
thermal model in the whole building simulation is desirable. A building
simulation which able to predict the thermal environment may predict a more
accurate and dynamicthermal environment when the occupant heat loads are
well defined. Without doubt, a completentegration of the two models building

and detailed thermal occupant could simulate and prelict more realistically.

ESPr is an integrated modelling tool for building simulation it is capableof
simulating the thermal (heat, air, moisture, light and elecfical power flow), visual
and acoustic performance of buildings(ESRU,2002). It has a worldwide
development community, and the source code asvailable under an opersource
license. Still, ESH lack of detailed documentationhas aprimitive interface and
require asteep learning curve.The tool is, therefore,a usefulplatform on which
to test new developments in building simulation, consequentlyESPr has been
selected to improve the occupant building representation and to study its
influence on the enegy performance and thermodynamic and airflow behaviour

prediction.
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1.5 Aims and objectives

The basic aim of this work is to improve thehermal interaction of space and
occupants in building simulation tools through developing a more realistic
building occupant thermal model and fully integrating this with a building
simulation tool. Specifically, this will be achieved through developing and
integrating a detailed multi-segmented human thermal physiology model ithe
building simulation tool, in order to have a fully-coupled representation of
occupant thermal loads, whichis responsive to dynamically change conditions,
facilitating better evaluate local and overall thermal comfort of building

occupants.
The specific objectives of this study were thereforesfollows:

1. Explore the effect of the occupant heat load on the irabr thermal
condition by the developing and integrating the simple polynomial
equations of sensible and latent loads for the occupant in E8Pwhich
are functions of indoor conditions and @cupant activity.

2. Advancethe first approach by integrating a twenode model (core and
skin) building occupant model with ESFH. This model accouns for
physiological parameters as blood flow, sweating and shivering in
addition to the effect of clothing irsulation.

3. Further integrating the dynamic two-node model with ESP& CFD
representation of indoor air, which is in turn fully couples to ESRP®
building model.

4. Integrate a multi-segmented human thermal model with ESIP and its
CFD capability, and providag a new, detailed and flly coupled modelling
capability for the assessment of the interaction between building
occupants and indoor spaces.

5. Evaluatethe capability of such integration in multiplesimulation case

scenario.
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Climate change especially thencreasein temperature ofthe air layer close to the
ground surface afect the human thermal perception.Outdoor thermal comfort
can be directly affected by the changem air temperatures and the changes of
short and longwvave radiation. Moreover, climate changewill lead to high energy
consumption in building spend oncooling aiming to provide acceptable thermal
comfort for building occupant. Figure 1.1 shows the intefrelation between the

different aspects already highlighted where the aim of this resealhcstand.

Climate
change

Building Human
(Simulation) (thermal
model)

Figure 1.1Inter-relation between the major aspectf this research.
1.6 Contribution

Although multiple works have been done in the area of integrating detailed
human thermal model within CFD toolshon within building simulation tool and
CFD. To the Author® knowledge, there are no other examples in #hliterature
where a detailed, multisegment occupant model has been fully integrated with a
building simulation tools and CFD for use in such activities as detailed comfort
assessment and modelhg of passive ventilation systems.Where a fulk

integration means, twoway thermal interaction, both building and human
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exchange heat dynamicallylt also contributes to building simulation tools by

applying a dynamic sensible and latent heat ratio frorthe occupant.

1.7 Outline of the Dissertation

The work required to achieve the aim and objectives istructured in 8 chapters,

which are outlined below.
Chapter one: Introduction

This chaptersets the context for the work and outlines the aims, objectives

and contribution.

Chapter two: State-of-the-art

This chapter reviews the literature related to the work, it includes parts on
thermal comfort and human thermal modelling; building simulation and
building simulation tools and the current state of occupantepresentation;

CFD studies with thermal manikin and human thermlamodel presence.

Chapter three: ESP-r and modelling approach

This chapter briefly describes the ESP energy building simulation tool

chosen for this study and its underpinning modelling appoach.
Chapter four: Simple dynamic linear model of occupant ther mal loads

This chapter describes tle integration of a dynamic occupant model into
ESPr, changing internal heat load from a fixed value to dynamic heat fluxes
by representing occupant heatdads by a polynomial equations function of
operative temperature and metabolic rate. The impact of tis change is

guantified.

Chapter five: Two -node model toward better occupant thermal load

representation in ESP -r

10
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In this chapter, the two-node thermal ocaipant model is presented and its
implementation in ESPr is desciibed. The benefit of applying the mdel
over simpler representations is described and quantified. The integration of

the model with ESPrs CFD domain is also described.

Chapter six: A multi -segmented human thermal model for a better thermal

comfort predict ion

The process ofdeveloping a multtsegmented human thermal model is

described in this chapter along with its integration within ESH.

Chapter seven: CFD modelling of multi -segment human t hermal model in
ESRr

In this chapter the coupling of the multisegmented human modéin ESPr
andits CFD solver has described it shows our approach in representing the
human body in CFD domain. This chapter also includes case studies for
different scenarios showing the outcomes of the linking in regards to

thermal comfort and the environmental changes.
Chapter eight: Conclusion and further research

This chapter discusses the whole work and presents the outcomes of this
research, the benefit of using thisntegration also gives a conclusion drawn
from this research work. This chapter shows how this research can be used

in practice for design and future case stug

11



Chapter 2: State-of-the-art

2.1 Overview

This chapter will go through the different areas ofresearch concerning human
thermal modelling, their comfort in buildings and the linking of such models in

building simulation tools and CFD models.

Section 2.2 presens a description of the humanthermal environment and the
environmental parameters, a bref description of the different types of heat

exchange between tk human body and its environment.

Section 2.3 has a general description of the human thermoregulatory system and

the human physiology systemSection 2.4 addresses the occupant behaviours.

The most important human thermal models available in the literaturehave been
described and their applications in section 2.5. Thermal comfort models have
been listed in section 2.6. And finally, section 2&nd section 2.8 present the use
of such models incombining with CFD and building simulation toolsand sction
2.9 describe the state of the art of the integration of CFD models in building
simulation. Section 2.1ighlights research gaps, particularlyhose addressed by

this thesis.

2.2 Human Thermal E nvironment

The human body responds to the environment indynamic interaction. It is
exposed to different levels of environmental conditions; in extreme cold and hot

environments the body uses its resoures to maintain its optimum operating

12
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temperature (the average core temperature is 37°C with an acceptable variation
of £0.5°C) (Parsons 2014). In the case of the thermal environmentthis will
determine whether a person is too hot, too cold or in thermatomfort (Parsons,
2014; Hensen, 1990.

The four basicenvironmental variables that affect human comfort and the body O
response to thermal environments are- air temperature, radiant temperature,
humidity and air movement. The factors that define human thenal comfort are
the combination of these four basicenvironmental variables, along with the
metabolic heat production and type of clothing worn by a person(ASHRAE
Standard 55, 2013; Clarke, 2001)

Often, the environmental limits are definedthrough the air temperature for
example in a thermally controlled building. But, in many situations, this is
insufficient, becatse all other five factors are relevant. For example, when the
human body is exposed to direct solar radiation by sitting near genestration in
offices or vehicles this couldsignificantly affect the thermal comfort, in this case
air temperature alone will be inadequate to specify comfort limits(Parsons,
2014). The heat loss by the evaporation of sweat is essential to a persompesed
to heat stress. Where the two influencing factors of evapative heat loss are the

environmental humidity and clothing lewvels.

In particular situations, other factors will be dominant; for example, when a
person is exposed to asymmetric wall temperares the heat exchange between
OEA PAOOI 160 bPi DedtOhgredtly affectOdE RherdfdredtheCsix
fundamental facors form the basis for which a human thermal comfort and

environment can be assessed.

The human body follows the laws of thermdynamics. When heat energy lost at
the surface of the human bodyits temperature falls and when heat flows into the
body its temperature rises. The human body temperature is an indicator of its
thermal condition. Human beings are homeotherms therefore théody tries to

maintain an internal temperature around 37°C. The féort required to maintain

13
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this core temperature will be signiicantly affected by the temperature ofthe

surrounding environment (fluid and surfaces).
¢8cEpOEOT T PAVAAKRKROAOO

This section stars with the definitions of the environmental parameters that

affect human thermal comfort.

Air temperature, defined & the temperature of the air point(ISO standard 7730,
2005) ASHRAE standard 55 (ASHRAE 55, 2013yecommend usng the average

air temperature which represents the average of the air temperature at the
ankle, the waist and the head level. The three levelgere defined for a sitting
person as 0.1, 0.6 and 1.1 m and for a standing person at 0.1, 1.1 and 1.7 m
(ASHRAEStandard-55, 2013). Heat exchange between the human body and air is

a continuous process because air temperaturevaries. ASHRAE standard 55
recommended for the air temperature average a time averaging between three

and 15 minutes.

Air velocity around the human body can influence the amount of convective heat
transfer from the body suface to the air and viceversa, it can also change and
accelemate the evaporation process of the sweat at the skin surfaces. Air can move
at a point in any direction; therebre, its velocity intensity can be defined for a
variation in time in an orthogond three axes space, and airspeed is considered to
be the mean & velocity intensity of a defined time for all directions. ISO 7730
(2005) and ASHR\E standard 55(2013) stated the importance of the effect of air
velocity on the human body and have shown #it variation in air velocity may

affect human comfort due to daught.

Besides there is also the radiant temperature that has a large influence on the
human body temperatue. The construction and geometry of a zone play a large
role in the radiant temperature, for example the amount of fenestration, and its
orientation affects the radiant temperature Further, the occupant location inside
a zone can vary the experienced thant temperature, since every location in a

zone has a unique radiant environmentThe radiant temperature could be

14
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represented by the mean radant temperature or the plane radiant temperature.
A4EA 1T AAT OAAEAT O OAI PAOAOOOA f & GnifoA £ET A A
enclosure with which a small black sphere at the test point would hawhe same

radiation exchange as it does with the real environme ((Baésons, 2014)

The final parameter of the environment affecting thermal comfort is humidity. In
high-temperature environments, the human baly regulates its temperature by
sweating, and the sweat at the skin layer will beevaporated and lost to the
environment. TEA O A OE OE he@ loggby@Vapgomtiors considered to be
the difference in partial vapour pressures between that at the sk layer and that
in the environment. So, the humidity of the environment is an iffluencing
parameter. The relative humidity is one of the commony used expression to
reflect the humidity in the air and it is the ratio of the pressure of the water
vapour in the air to the saturation pressure of water vapour at the same

temperature and total pressure (Parsons, 2014)
¢ 8¢8AO OOAT OEMO TARDOMATO O A OEA
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It is necessarythat all the excess heat produced by the body to dissipate to the
surrounding environment to keep the body in thermal neutrality and prevent the
core body temperature from increasing. This happens tlough the processes of
conduction, convection,radiation and evaporation. The heat transfer rate is
dependent on the environmental parameters mentioned in section 2.1, in
addition to the skin surface, skn temperature and skin wettedness.The heat
losses flom the human body to the environment waslescribed in Fanger1973)
and Du Bois(1939).
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2.2.2.1 Conductive heat transfer

Conductive heat transfer happens when the human body is in contact with
another surface at a temperature different from the &in temperature. The
magnitude of heat being tansferred by conduction is dictated by the contact
surface area, the temperature difference and the thermal conductivity of both
skin, intervening clothing and the slid surface (Parsons, 2014; Djongyang et al
2010).

The conductive heat transfer betweerthe human body and the environment is

usually neglected because of the small area of the body being affected, e.g. when

the bottom of the feet are in contact with tle floor when standing. More examples

of this are when holding a cup filled with hot or cod liquid or when lying on a
couchorchair.) T OT T A AAOAOh AT 1 ABGAOGEI 1T AAT 80O 1
different cultural behaviour when occupant tendsto sit on the ground for a longer

period while having underfloor heating or cooling systems.

2.2.2.2 Convective heat transfer

The convective heat exchange between an occupant body and the environment,
could be either natural or forced and is greatly dependent on theemperature
gradient between the skin and ai, gravity, surface geometry, air density and
viscosity. The convective heat transfer increases when air velocity increase and
in that case, it will be considered as forced convectiom addition to the airflow
pattern as air velocity and its physical prperties (ASHRAE FundamentaR017;
Parsons, 2@4; Djongyang et al., 201Q)

0 86QQo6 o (2.1)
The convective heat transfer® [W] is defined by the difference betweerd the
Al T OEAA AT AUG60 1 AAT OGuumAAd anidrit A OAOOO,
temperature (°C). where™Q is the clothing area factor, representing the ratio of

clothed body surface area to nude body surface area— and A isthe total

exposed surface area in [m?]
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The convective heat transfer coefficient hc ahe unit [W/m2 °C]from both skin
or clothing develop from airstream disturbing the insulating boundary layer of
air attached to the surface of the bodyde Dear et al. 1997). Typically, whenit
has a fastflow of air around the body, theboundary layeri £ AEO 11
surface becomes thinner, causing alower the thermal insulation sustains the
subject. The convective heat transfer process from the human body sudas can

be categorized into three different modes:

1. Natural convection, which is driven purely by thermally indiced
buoyancy and generally confined to ambient agpeeds lower than

&) & | ¥O. In this case the air around the warm body surface

startsto move up by buoyancy forces as its temperature increases this

called buoyant convection. For example, for a stding person, the flow

starts at the foot level as a laminar flow, however, while moving up

there will be a transition occurs and the flowbecomes turbulent
around the upper body parts(Cook, 1998) The buoyancydriven flow
from the head and the shoulders Wl be mixed producing the human
thermal plume.

2. Forced convection at speeds generally higher thamo pRa Ti
(Danielsson 1993).

3. Mixed-mode convection prevailing at aispeeds between theséwo

limits.

The local convective heat transfer coefficient method from dB®ear et al. (1997)

is described in chapter 6 section 6.2.3.

2.2.2.3Radiative heat transfer

The heat exchanged byadiation takes place between the occupant external

surface where it could be skin or clothes and the surrounding zone surfaces like

windows, walls, radiative panels etc (ASHRAE Fundamental,2017Parsons,

2014; Djongyang et al., 2010) The radiative heatexchange is given by the

following equation:
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V] o- , Y Y (2.2)

Where Qr is the radiative heat transfer in [W] Ar is the effective radiation area of

the body in [m?], EO OEA OEEIT Al E O-8difinarnd donsfant,E O OE /
5.67*108 [W/m 2K4], Tsk and Tr are the mean skin and the mean radiant
temperature, respectively.

4EA OAAEAOQOEIT AOAA EO OAOI AA OAEEAAOEOAG
exchanging radiation heat with the environment, some of the areare obscured,

so the effective area is lBvays smaller than the total body surface area and it

depends on the posture of the occupant. The emissivity value relates to the
capacity of an object to radiate heat. The emissivity for indoor calculations

without considering the shortwave radiation canbe considered as 0.9TASHRAE
fundamental chapter9, 2017) for both clothing and skin as independent of the

colour, but when considering the shortwave radiation colour willinfluence the

emittance value(Balzejczyk et al, 1993).

The mean radiant temperatue is defined as the areawveighted average
temperature of the surrounding surfaces. The radiative heat transfer will be
affected by the difference between the external body surface temperature and the
mean radiant temperature whichis influenced by the viev factor. When the

difference value of the temperatures is negative there is heat gain by radiation.

2.2.2.4Evaporative heat transfer

The evaporative heat loss at the skin layer is a result of the diffusion of water
vapour through the skin and the evaporéion of sweat on the skin. The phase
change of the state of water from liquid to vapour requires heat, that heat is taken

from the skin.

The evaporative heat loss by diffusion is a function of the difference between the
water vapour pressure in the ambientair and the saturated water vapour
pressure at the skin temperature. This part of the evaporative heat loss from the
human body is happening all the time and it is not subject to thermoregulatory
control (ASHRAE Fundamental,201Parsons, 2014; Djongyanegt al., 2010)
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The evaporation of sweat generated by the body is crucial as it can reduce any
potential increase in the body temperature even during a hard exercising or high
temperatures. The sweating evaporation heat loss can dgim 0 [W/m 2] at rest

to 400 [W/m 2] at an elevated activity level in a hot and dry environment.

For office and residential building occupantgractising amoderate activity, the
evaporative heat loss will be around 25% of the total heat log¥iessman, 1%6).

In the case of modeaite sweat secretion and an environment is at a comfortable
level, all sweat is assumed to be evaporated. In some situation not all sweat gets
evaporated and it starts to accumulate on the skin layer at that point the occupant

will not be thermally satisfied andthe level of discomfort will increase.

2.2.2.4Heat losses due to respiration

The heat loss from respiration isconstituted of a dry convective heat transfer
because of the colder air temperature inhaledVhere air enters into the lungs at
the ambient temperature and exhaled at a temperature near the core inner
temperature. In addition to the evaporative heat loss due to respiration, where
air enters into the lungs and exit saturatedASHRAE fundamenta{2017) gives

the equation for the total heat Iass by respiration as:
6 0 minpdtotr 0 T8 p oudy X O (2.3)

Where 0 is the metabolic rate in [W/m?2] and 0 is the air temperature in [°C] and

0 is the water vapour pressure in the ambient air in [kPa].

2.3 Human thermal physiology and thermoregulation

Human beings are homeotherms, warnablood is circulated through the whole
body, where heat generated through metabolism and heat loss were regutal to
maintain an internal body temperature of around 37 °Cover a wide range of
fluctuations in environmental conditions. The human thermoregulation balances
heat production and heat loss. In case the body lost more heat than it produced

its body temperature drop. Contrary, if the heat production was higher than leat
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lost the body temperature raise A deviation from the neutral body temperature
of more than 2 °C can lead to severe consequences, e.g. a fall in body temperature
can cause hypothermia, andn increase of 3 °C in core temperature can lead to
hyperthermia (H6ppe, 1999; Hensen, 1990

The heat production and heat loss from the human body are boosted or prevented
through the thermoregulatory system which is responsiblefor keeping the core

temperature at the normal level.

The control of the heat balance 1 thermoregulation can be efficiently
accomplished by modulating behaviour (like changing clothes or change activity)

and physiologically through shivering, sweating and controlling blood flow).

Heat Production Heat Loss

Metabolic rate/ shivering Sweating

AWy
Clothing
Exercise ‘@‘DE\EF Cooler or warmer CE>

AN 4 environment
Food E) K PN Air movement
Carbohydrate/Fat/Protein Convection/Radiation/Evaporation

35°C 39°C

37°C

Figure 21 Heat balance, factorshat affect heat production and heat los®\dapted
from (Du Bois, 1939)

The diagram in figure 2.1adapted from Du Bois(1939) indicates the multiple
factors that can affect the energy balance af human body. The heat production
is on one side of the balace and the heat loss is on the other side, wheren an
equilibrium state, the neutral body temperature is achieved. Starting from an
equilibrium state, for example a human is sitting relaxedm a warm room the heat

produced in this case it is called théasal metabolic rateand itis equal to the heat
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loss. In case of any change in the heat production parametefer example,
greater metabolic raterequires the heat loss side to be also altered to go back to
a neutral equilibrium state. That could happenfor example by decreasing the
room temperature, less clothing or sweating to increase the heat loss by

convection radiation and evaporation.

The hypothalamus in the brain receives signals of local temperatures and
temperature changes from the thermorecepars, sensors located in the skin and
other parts of the body. The hypothalamus analyses the signals received and
appropriates effector commandsaiming to thermally regulate the body for
example by sweating shivering and blood circulation (vasonotor) (Havenith,
2002; Hammel et al. 1963). The thermoregulatory systems respond to
environmental change in three different ways: vasomotor, sudomotor and
metabolic. When the body is exposed to a high environment thermal loads or
when exercising its temperature rses,reaching a point above the neutral level,
the skin blood flow increases due to vessel dilation. This phenomenon increases
the heat transferred by convection from the core to the skin. The temperature
gradient between the skin and the environment is rgponsible for the volume of
heat losses from the body, a higher gradient temperature lead to an increase in
the convective and radiative heat losss, however a decrease in the gradient
temperature leads to minimizang the heat losses. The blood circulatedt the skin
surface, its temperature will be decreased and consequently will lower the core
temperature. On the other hand, when the body is exped to a cold environment,
its core temperature starts to fall, when the core temperature reaches a point
below the neutral level, the skin blood vessels constrict, which reduce the warm
blood flow to the skin. When less blood is flowing to the skin, the gdient
temperature between the skin and the surrounding temperature decreases that
lead to a reduction in thesensble heat losses. So the vasomotor response is the

response of blood vessels constriction and dilation.

In conjunction with vasodilation when the core temperature continues to rise, a

sweating response occurs. The sudomotor response, or sweating, wthhance
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heat loss at the skin surface by latent loss when moisture evaporates to the

environment.

Similarly, in conjunction with vasoconstriction, shivering may occur to help the
body temperature to reach the normal level again. Shivering is a metabolic
response where an involuntary muscle contraction begins to increase the

metabolic rate.

In summary, the body regulates its temperature throughtie thermoregulatory
systems, vasodilation, vasoconstriction, sweating and shivering by using

feedback temperatire sensed by thermoreceptors located throughout the body.

2.4 Occupant behaviours

Human behaviour also affects thermoregulation through actionperformed to
reduce thermal discomfort. For example, by altering the clothing level, shelter
from the sun or ®ld wind, moving towards the heat source to increase the heat
transfer, in addition to controlling the building thermal environment by using

heating or air conditioning systems.

Occupant thermostat use has a significant effect on building energy perfoemce
Occupants of commercial buildings have less control over their thermostats
compared to residential occupant(Andrews et al, 2013). Multiple research
stated that giving the occupant the control over its thermal environment will not
only increase theoccupant thermal comfort but will also increase productivity
and satisfaction(Fountain et al, 1996, Wyon 2000).

The occupant behaviours studdd in the literature varies from the window

opening, light use, clothing level adjustment and even the occupapresence
inside the building. There are multiple approachesto modelling human
behaviour in the literature. Some used classical statistical motseand others used
the time dependant data like Markov and Hidden Markov chains approadbe

Dear et al., 1998Yan et al. 2017 Haldiet al, 2008, Flett et al.,2014.
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2.5 Human thermal models

The process of body temperature regulation requires the bodyo balance
between the heat generated from the metabolic and the heat losses from
evaporation, radiation, conwection and conduction with the environment. The

fundamental laws of thermodynamics apply to the human body.

The history of the human thermal modding started in 1911 with the first attempt

by Lefevre where the human body modelled as a sphere that exchasdeeat with
the environment. Since then several human thermal models have been
developed. And as a result, the first human thermoregulation modekveloped

in 1970. The development of the computer helped in theleveloping of more
detailed and more complexhermal models by using more powerful computers.
The most commonly used and welknown models are the GaggéGagge et al.,
1986), Stolwijk (Stolwijk, 1971) and Wissler(Wissler, 1985) models. All models
developed after the three mentioned models and foundh the literature were a
modified form of them (Havenith et al., 2011)

Human thermophysiology models can be classified frommiple to more complex

models. In the literature, there are plenty of thermophysiological models from

the single segment or thewvhole body represented as one segment to the multi

segment model representing more than one body parAdditionally, these models

can also be classified from one node models to tweode models and multinode

models, where an energy balance equation is sietevery node(Katic AO Al 8h ¢
Havenith et al., 201).

The one-node models are usually derived from experimental data. The rdel
represents the human body as one unit so usuallthe thermoregulatory system

is not included in a onenode model. The twenode model usualy represents the

whole body as one segment, but it divides the body into two concentric shells the

core body layer and a skin layer. One of the wellecognized two-nodes modelsis

OEA ' ACCAB0O i1 AAI AAOAI | PAfGaggdet . dqrp AT A

Gagge et al., 1986)The modelcan predict the skin and core temperature under
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the steadystate and thetransient environment with a moderate activity level.
The model also considers a uniform temperature in the body compartment as one
temperature of the skin and one temperature for the core. The model considers
the heat flow between the two nodes and betwen the skin and the environment,
it also considers the physiological phenomena, where the model includes the
shivering the sweating in additionto the blood flow regulation as vasodilatation
and vasoconstriction. Multiple two-node models were found in thditerature all
based on the Gagge modéGagge et al., 1986and Pennes equatior(Pennes et
al., 1948) like Fodaand Zolfaghari (Foda et al., 2Q1; Zofaghari et al., 2010 a;
Zolfaghari et al., 2010 b). Zolfaghari et al. (20010 AAOAA 11 OEA ' ACCA
developed a simplified three nodal thermal sensation model. Where the human

body was divided into three lumped compartments: core, bare skin ahbareskin.

The two-node model was extended and the first influential multinode model was
developed by Stolwik (1971) this model is considered as a foundation for the
different multi -node models available these days. The model first developed for
The Naional Aeronautics and Space AdministratiofNASAto predict the thermal
responses of astronauts in their missios. The model divides the body into six
body segments, including the head, trunk, arms, legs and each body part has four
layers the core, fat, macle ard skin in addition to a central blood flow
compartment which is connected to all the other nodes. The ctrol system in the
Stolwijk model is based on the two temperature signals cold/warm which reflect
the change in the temperature of each node. €modelproves accountability in
results for simulating persons of low activity level, also it is still limited to
constant environment conditions (Cheng et al., 2012)The active system of this
model is still widely used in the advanced and modern modelSome @ the multi-
node models based on Stalwijk modelStalwijk, 1971) like Tanabe model
(Tanabe et al., 2002)Fiala model (Fiala, 1998), Berkeley model(Huizenga et
al.,2001), Karaki model(Karaki et al., 2013)and Salloum model(Salloum et al.
2007).

In 1991 Smith (Smith, 1991) developed a detailed threedimensional multi-

element human thermal model. Themodel is comprised of fifteen cylindrical
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body parts, it is also known as KSU (Kansas State University) model. The Smith
model includes a detailed comnol system for the thermoregulation. She used the
finite element techniques to solve the heat transfer agptions. Although it is
considered as one of the most advanced and detailed models due to its three
AETI AT OET 1T Al AAlI AOI AOEIT 1 the bibadAperfusiol thdt AEAT
occurs in the capillary bedsFurthur, EO AEAT 6 0 AT 1 OE AdweatOEA AA
Fu 1995 improved the Smith model by including a detailed clothing model. The
model introduced a new solution for the blood perfusion, sweat aumulation
between the clothing and the skin layers, clothing moisture absorption and
radiation in the clothing (Fu, 1995).

Another multi-segmented model was developed by Fiala, the model is able to
predict the body state well in both steadystate and trarsient conditions (Fiala et

al. 2001). The model consists of two interacting systems, 1. The controlled
passive system and 2. The controlling active system. The Fiala model has been
made to predict in a wider temperature environment. Like most of the human
thermal models, it is considered for a typical adult person of 1.85 m2 body surface
area and 73.4 kg ofveight. It decomposed the human subject into 15 spherical or
body cylindrical elements: head, face, neck, shoulders, arms, hands, thorax,
abdomen, legs and feet.Each element is constituted of tissue layers where for
example the leg has bone, muscle, fahd skin distributed in the radial direction

to reduce the numerical error due to temperature gradient at the outer regions.
The passive system of Fials model responsible for all the thermaphysical and
basal physiological properties. The system calcules all the heat exchanged
between the tissues in the body, in addition to the heat exchange of the body with
the environment (Fiala, 1998). The active system represents the
thermoregulatory system of the human body, it simulates shivering, sweating and
the vasomotor response of the human body. The model was validated with
independent experiments where it covered an environmental temperature range
between 5 and 50 Cwith a metabolic rate between 0.8 and 10 metFiala et al.,
2001). To create a newUniversal Thermal Climate Index (UT), the original
&EAT A6O 11T AAT xAO AAAPOAA AT A Aa@mAl AAA (
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model. They developed this modeldr the comhined simulation of outdoor and
indoor thermal environment where an adaptive clothing model hasbeen
included to fit the outdoor environmental factors as clothing permeability and

behavioural adaptation of the clothing insulation(Fiala et al., 12).

Tanabe et al, 2002developed a multtsegmented, multitnode model based on the
Stolwijk model the model has 16 body segments, each segment four concentric
layers and a total of 65 nodes by considering a central blood compartment as one

node exchangegonvectiveheat with all other nodes through blood flows.

Huizenga et al. 2001 based on Stolwijk modeland Tanabe model, developed the
Berkeley comfort model. The model allows an unlimited body segment with four
concentric body layers in each segment. Bimodel iscapable of predicting under
transient, non-uniform thermal environments. They also included @lothing node

to model both heat and moisture capacitance of clothing and to model
evaporative heat loss correctly from the body through clothindHuizenga et al.
2004). They declared that the model is useful for evaluating innovative HVAC
systems that povide a stratified or nonuniform environment. Although, they
stated that the input structure of their model allows it to be connected to building
simulation programs, but to the extent of the author knowledge there was no
further publication found on that topic later. Zhang et al2001 included the body
builder in the UC Berkley model to have the capability to change the physiological
characteristic input (height, weight, body fat, gender, skin colour, and body type)
of the model, where all other models a& considered for a typical average aged
man (Zhang et al., 2001)

The AUB (American University of Beirut) model is a highly sophisticated human
thermo-physiology model developed by Salloum et aP007 the model initially
divided the human body into 15 bodysegments, head, Upper Chest, Lower Chest,
Upper arms, Lower arms, hands, thighs, legs, and feet each segment is composed
of four nodes core, skin, agry and ven. The model applies tan average young
person. They used a multbranched blood flow model d Avolio, it starts from the

heart to the rest of the body parts, it also includes a blood flow pulsation in the
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main arteries. The model updates artaal blood flow every time step andcapable
of handle changes in cardiac output triggered by metabolic rat and
thermoregulation during the heat and cold stress period. ADthmani et al, 2008
improved the model to account for the asymmetric radiation by diiding the
outer skin layer of each body part to six equal angular sectors. Karaki et,&013
improved the model to accurately predict the blood flow in the hands and fingers
where they added the ten digits to the other body parts and modified to the
number of the artery branch of Avolio to represent the ten fingers. The model
introduced an innovative control model for the AVA artericvenous anastomoses
to have a better blood flow prediction in the fingers. Rida et 8(2013 a) used the
whole-body physiology modeland developed a modedo predict the physiological
phenomena of CIVD coldnduced vasodilationfor hands exposed to extreme cold
weather. The model was later modified byRida et al, 2014 b)to account for
elderly people. The AUB model has beeselected b be a reference model for the
physiology modeldeveloped andimplemented in ESPr. And thatis because the
model is in an advanced level of details it accounts for detailed blood flow

calculation and it showed robustness compared to other sinified models.
c8uwdpOPl ET ¢ T £ EOI AT OEAOI AT 11 AAI
Al i £ 00 I 1TAATO

Schellen et al.2013 discussed the use of a thermghysiological model to support
and improve comfort assessment compared to existing more simplified, thermal
comfort models. Toshow the importance of the local thermal comfort, they
combined the ThermoSEM, a human thernhanodel developed by van Marken
Lichtenbelt et al.2004 with three different sensation model,the PMV model, the
UC Berkeley model and the EN8O 14505 standard. They used the CFD to
simulate and analyse the thermal environmental conditions around the hunma
body. They determined that combining with the UC Berkeley model or the EISO
14505 standard gives better results comparing to PMV model which it isob
capableof predicting the whole-body thermal sensation when local effects took

place. In this study,they simulated the physiological responses using the
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environmental conditions calculated by CFD where a manual coupling was

applied.

Foda et al.in (Foda et al.,, 11 b) compared the skin temperature of three
different human thermoregulation models the Fid&a model, the University of
California, Berkeley (UCB) thermoregulation model and a mulsegmental (MS)
Pierce model were compared to recent experimesmd studies (measured data
from literature). They found that MSPierce had the best predictability in stady-

State.

Cheng et al(2012) coupled two typical thermal comfort models, the UC Berkeley
model and the ISO 14505 standard in a CFD numerical simulatito assesghe
thermal environment of a small office for the noruniform environment. Their
study concluded that the ISO 14505 standard, even though it is public and easy to
implement in a CFD, needs more validation of its reliability. They also concluded
that for an asymmetric environment, a complete human thermal model with
physiological and psychologicalfactors is required. They also stated that
connecting the UC Berkley in a CFD simulation is complex and such coupling
needs to bedone (Cheng et al., @12). To sudy the effect of solar radiation on the
thermal environment around the human body, Yamane edl. 2013 reported a
comparison between experimental results of a man sitting in a room exposed to
solar radiation with a CFD model. Results of a partitar time of the day have been
compared with a CFD study after coupling the thermoregulatory model of hiabe

et al. 2002. This study helped them to understand the effect of localised solar

radiation on the function of thermoregulation.

Conceicédo(2003) worked on two numerical models to study human thermal
comfort in a building where they simulated the buildng thermal response and
evaluated the internal air quality, and the results were used as input data in the
second one to simulate the human with clothig thermal system.+ AOE¢ AO

(2016) reviewed some thermal models and compared them in a thorough rewie
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VTT Technical Research Centre of Finland worked on developing a human
thermal comfort model. This model was firstly introduced by Holopainen et al.
(2010). Hobpainen in her dissertation 2012 (Holopainen, 2012) presented her
human thermal model implementedin a building simulation environment. She
defined the importance of applying the two models because that Fanger's
Predicted Mean Vote PMV based on a heat bat® madel which referred to as a
static model, and it does not take the human thermoregulatory syem, also that
it is only valid under restricted conditions (Holopainen, 2012). This
implementation enables defining the external boundary conditions for the
human thermal model as surface temperatures and radiation heat transfer more
correctly compared © previous human thermal models. The human thermal
model (HTM) takes into consideration the physiological behaviour of the human
body and models the physicalnteractions between the human body andhe
surrounding space. For calculation, she used the fieHdifference method. The
model divides the human body into 16 body parts as cylindrical shape each
consisted of four layers bone, muscle, fat and skin. To callate thermal sensation
and thermal comfort of the human bodythey OOA A : EAT C8 0 1 HWeOET Ah
overall thermal sensation was calculatedwith a purpose to calculate the
Predicted Percentage of Dissatisfaction. The HTM was implemented with the
non-commercial building simulation environment VTT House. The VTT House
simulates air infiltration, ventilation and heat transfer processes. The VTT House
program is designed for simulation experts because it requires a good
understanding of the simulation case ad principles knowledge of the nodal
network creation. The number of nodes in the HTM was adjusted depeimg) on

the simulation situation (Holopainen et al. 2010).

The HTM was validated with previous published examined data and other human
simulation models at different conditions. For the implementation, Holopainen
studied the effect of building structures m thermal sensation and comfort. The
case study was on changing the envelope construction with more energyficient
windows and wall insulation for anold built apartment located in Finland during

winter to explore the impact on thermal comfort. The humanlocated in the
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middle of the living room floor, with light activity. For simplicity and to have a
rapid model the HTM uses constant basal blood flowsating that the use of
residential and offices usually for light work with a low metabolic rate. The moel
was standing up in the middle of the room with no contact with the floor or any
other objects. The Convective heat transfer coefficients used was @ated for
naked skin surface temperature(Holopainen, 2012), and it used the same for
clothing temperature. That HTM study showed the differences in thermal

response between different ages (Holopainen et a010).

A human thermal model could have mulple applications, but the focus of this
review section of the dissertation was on their ability to predict the human
thermal response which can be utilized to evaluate the comfort of building
occupants in different environments. Tlesemodels can be used twptimize the
environmental parameters, clothing and metabolic rate variation studiegiming
to reduce the need for pilot studies. There aresome other usages for the
physiology models which are out othe scope of this research like the prediction
of the human physiological limits, physiological abnormality and medical

treatments on human thermalresponse.
2.6 Human thermal comfort models

The thermal state of the human body is the key factoin stating the human
sensation and the perception of thermal condfrt (Fanger et al., 1985; Stolwijk,
1971; Gagge et al., 1967)Toensure a suitable indoor themal environment a
mechanical or natural ventilation system may be required. A system that is
capable to provide the indoor design parameters directly such as idr air
temperature, air movement and relative humidity. One of the bases of design

criteria for the indoor parameters is the occupant thermal comfort.

One of the widely used comfort modalis the 0 OAAEAOE OA (PMAWAT
model developed by Fanger antbasedon an equation for the human body heat
exchange. The PMV model was reviewed and describim (Van Hoof etal., 2008)

In the PMV mode] the thermal satisfaction or dissatisfaction of occupants is a
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function of the six variables the activity level, tiermal resistance of the clothing,
air temperature, mean radiant temperature, relative air velgity and the water
vapour pressure in ambient air. An empirically comfort equation was obtained, it
assumes a linear relationship between the activity level andhe sweat rate in
addition to the relation between the activity level and the mean skin tempetare,
where these relationships formulate the human energy balance equation. The six
variables used in the model will determine whether the building occupant isni

thermal comfort or not.

The PMV model was expressed bifanger (1970) and adopted by CIBSEral
ASHRAE(CIBSE, 208; ASHRAE Standard 52013) on a 7-point scale for thermal
sensation and it is widely accepted and used in the design processamsindex of
maintaining indoor thermal comfort. The deficiencies of the PMV model were that
the body is camsidered as a whole and the mean skin temperature is used
Moreover, the body responses predicted are at steaestate conditions
environment. Since then, more resarchwas done on the development of human
thermo-physiological modelling. A PMV range of @.5 correspondsto 10% of
predicted percent dissatisfied (PPD). Based on the adaptive modelpercentage
of dissatisfaction of 80% to 90% can be accepted.able 2.1,shows the PMV

thermal sensation scale.

Table 2.1 ASHRAH hermal SensatiorScale.

Index Thermal sensation

3 Hot

2 Warm

1 Slightly warm

0 Neutral

-1 Slightly cool

-2 Cool

-3 Cold
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Fialain 1998, developed the DTS model (dynamic thermal sensationptpredict
the human thermal sensation based on core temperature, mean skin temperature
and rate of change in mean skin temperature. The model is based on a regression
analysis between the predicted phy®logical responses and thermal comfort

measurements fom the database of comfort experiments.

Another study conducted by Zhang et alZhang et al., 2010 a, b & aelated
physiological responses to local thermal sensation. The model is based on
differences between local skin temperature and the setpoint afkin temperature
for a specific body partthe rate of change in local skin temperature and rate of
change incore temperature. The setpoint temperaturs are the neutral body part
skin and core temperature ata neutral temperature. Since neutral temperatue

is variable when a change happens to clothingsulation or activity level, Zhang
suggested an interpolationfor neutral temperatures to account for a wider range
of neutral conditions. The model is based on experimental results it can be linked
with a physiological model it predicts local sensation, local comfort, overall
sensation and overall comfort. Althoughthese models show promising results,
one could argue whether setpoints are a good representation of the physiology

behind thermoregulation or thermal sensation.

The sensation scale irzhang® ®odel has limits between-4 and +4 table 2.2
shows the sensatio scale. The local comfort model is based on the local sensation
and overall sensation calculation and it is given in a scale &f +4 scale provwded

in table 2.3.

Table 2.2: Zhang model thermal sensation scale.

Index Thermal sensation
4 Very hot
3 Hot
2 Warm
1 Slightly warm

32



State-of-the-art

0 Neutral

-1 Slightly cool
-2 Cool

-3 Cold

-4 Very cold

Table 2.3: Zhang model thermal comfort scale.

Index Thermal comfort
4 Very comfortable
2 Comfortable
+0 Just comfortable
-0 Just uncomfortable
-2 Uncomfortable
-4 Very uncomfortable

2.7 Hygrothermal Interaction of Occupant and Building

As comfort prediction is a very important factor atthe detailed design stage, for
that purpose thermal comfort models have been connected to building
simulation.

For comfort analysis the use of the twenode model or Pierce model is used as a
physiology model in many building simulation toot but only as a postprocessing
simulation, none of the available building simulation tod has used the twenode
model to predict the occupant heat loads and namhas implementedit in the

energy equations of building thermal balance.

The Energy Plus has used regression line model of the available steadystate
heat lossvalues from the human body, to predict the sensibleand latent heat

loads from the occupant atthe different metabolic rate and operative
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temperature (Crawley et al. 20QL; DoE,2020). This approach considered stedy-
state and is a good approach toward applyingvariable internal heat loads from
occupants. The Energy Plus occupant heat load model has some limitations first
it considers the summation of sensible and latent heat load always equal to
metabolic rate asif the body is at thermal equilibrium it simplifies the dynamic

nature of the human thermophysiology.

To the knowledge of the authoHolopainen (2012) developed a human thermal
model based on the model of Fiala and she integrated it in VTT a building
simulation tool. Holopainen in her studies considered the e#ct of the building on
the occupant where she studied the effect of the building envelop structure and
the effect of heating distribution on thermal sensation and comfort. The model
was used inthe buildin g simulation to control HYAC system butloes notconsider
the occupant thermal load dynamically Similarly, Baudier et al. (2016) used a
multi-segmented model based on the 25 node model of Tanaf@ianabi et al.,
2002) the thermo-physiology model is coupled with a thermal sensation and
comfort model of Zharg (Zhang, 2003) in ESPr that approach was used as a
controller and has been demonstrated in the use of local cooling and heating
systems inside building, for examplea radiant panel made fromthermocouples
(Baudier et al. 2019) All the preceding improvement needs to be expandeand

improved.
2.8 CFDand its integrat ion in building simulation

The computational fluid dynamics (CFD)discrete a building zone into a large
number of control volumes. The CFD sgnulation can provide a detailed
description of the airflow by solving the NaviegStokes equationgVersteeg et al.,
2007). The parameters solvedin CFD are air velocity, air temperature,
contaminant concentrations, relative humidity, and turbuence quantities. As
human comfortis influenced by environmental variablesat the local or micro-
scale level, the useof CFD toolsbecomescrucial for designing a comfortable

indoor environment (Nilsen et al., 2007 Srebric and Chen 2002)

34



State-of-the-art
Over the last50 years, CFChas beerconsidered effectvely as a tool for evaluating
the indoor environment of buildings and heat and mass transfer betweethe
indoor environment and the building envelope (e.gNielsen, 2004, Awbi 1991,
Chen et al. 1995, Heiselberg 1996, Che2009, Srebric et al.1999, Bartaket al.
2002, BeausoledMorrison 2002, Sorensen andNielsen 2003, Djunaedy et al.

2005). One of the earlier CFD studies on indo@irflow was Nielsen(1974).

Normally, CFD has a higlsomputational cost, in addition, CFDsimulation similar

to any other simulation tools are sensitive to the boundary conditions
Engineering judgment andknowledge is essentialto decide whether the use of
CFDis appropriate in solving a specific problem Moreover, an accurae and
effective simulation is ajoint initiative of the CFD code and the CFD us#lisuse
of a CFD model could lead to inaccurate results and along with poor
interpretation could lead to weak designs Based on that the accuracy relies on a
solid understanding of flow physics and requires considerable user expertise
(CIBSEGuideA, 2018).

CFD has limitatiors, with the ability to model turbulent flow and the high
computational resources required being two of the most important ones
Especially inthe case of timedependent flows and advanced turbulence models
such as large eddy simulatiofCIBSE 2008).

Most of the current CFD programs usually, do not have embeddeatiodels to
determine the dynamic boundary conditions in buildings(Tian et al., 2018).
Because of thatthe usersof CHD tools lose the transient nature of the boundary
for example when usingfixed supply airflow rate and temperature, fixed wall
temperature or heat flux through the envelopesThus, coupled building energy
simulation with CFD is very attractive, sinceit increases the potential ofan

accurate analysis of building energy.

The coupling of bulding energy simulation and CFD simulation has been
considered in several publicatiors (Negrao, 1995; Srebric et al,2000; Beausoleit
Morrison, 2002; Zhai et al, 2002; Djunaedy et al, 2005). A building energy

simulation can provide dynamic boundary coditions to CFD On the other hand,
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the CFD can provide the local airflow information tdbuilding energy simulation
aiming to improve the HVAC controlsystem and the thermal load calculation

inside a building.

2.9 CFD andhuman body simulation

CFD modelling is usually used to evaluate the indoor airflows and to study
temperature distribution when applicable, induced by a specific heating,
ventilation and air conditioning system. The effect of the presence of occupants
inside a domainon the surrounding airflow in CFD is influence. Evaluating both
thermal comfort and the indoor environment in CFD, it requires to model

occupants inside the domain as wehs their thermal boundary conditions.

To get an accurate prediction of thermal st@® one needs accurate environmental
data as input to the physiological model. Hence, it is convenient to integrate the
thermo-physiology model with environmental modelling tools (such asbuilding
simulation tools) and computational fluid dynamics (CFD). Tése can provide the
physiological model with dynamic boundary conditions, and also reflect the
thermal state of the occupant in the simulation. In this waythe complex
interaction between the human body and its thermal environment can be
characterised(Dixit et al., 2015).

Buildings can be ventilated in different ways, and this can strongly affect both
thermal comfort and the energy consumption of space. With the assistano&the
CFD smulator and building simulation tool, it can predict the airflow in the
occupied spaces and the ventilation system more realistically than with building

simulation alone.

The simple shape of the human body can be represented as a block shepere
it is often used in CFD in design practice, and the boundary conditions aretsas
fixed values and the predicted mean vote (PMV) and predicted percentagetioé
dissatisfied person (PPD) has been used to predict the thermal comfort

parameters. It ha been found bat in naturally ventilated spaces, the human body
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has a significanteffect on the local environment compared to that in other
environments. For that reason, the consideration of twavay interactive
simulation systems integrating detailed enwronmental CFD simulation with a
human thermo-physiological model is preferred. Reent developments in
computing technology have heightened the need for using computsimulated
manikin or human thermoregulatory models to study thermal comfort and

thermal environment.

In the past years, there has been an increasing interest in evaluatirigermal
comfort of building occupant using CFD it was usually done in stages where first
a CFD simulation conducted for the proposed domain and the results used as
input in the thermal comfort model. This approach of evaluating thermal comfort
can be taken as a primary evaluation because the linking between thermal
environment and thermal comfort is not fully addressed and there should be a
combined simulation which bridgesanalysis of tte indoor air environment and
thermal comfort (Gao et al., 2005)

In 1995 Ganpublished a study using a CFD model to predict room air distribution,

xEOE &AT CAOB8O Al i £ 00 1 1TAAT ANOAGET 1T O EI
1995). Sgrensenet al. (2003) modelled in detail the shape of a seated manikin

and used it in a CFD sdy to calculate the radiative heat transfer coefficient and

the natural convection flow around the manikin. They compared simulated and
experimental results, though a consint skin temperature was used in the

simulation.

Murakami etal. (200000 OA A s tiverodednodel as a thermephysiological
model in a CFD study to predict the heat released from a human body. The shape
of the human body was represented using a curviliree coordinate system
Murakami stated that even though the rectangular shape was mepopular to
represent the shape of a human body, they believed that the physical shape of the

human body could have an impact on the indoor climate.

Nielsen et al.(2003) set a CFD benhmark exercise, to validate CFD models

specifically for modelling airflow around an occupant. The experimental data of
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the benchmark was presented irkKato and Yang 2006 This benchmark was used
by multiple researchers (Srebric et al., 2008, Deevy et al.2008; Cropper et al.,
2010).

Gao efal. (2004) studied the micro-environment around a computational thermal
manikin with a real geometry of the human body shape in two cases one with
personalized ventilation and the other without. Showing though experimertal
and simulation that personalized air system plag a major role in reducing
pollutants in the respiratory zone. The integration of the clothing human body
has been studied by Takada et #2016 They studied the airflow ventilation in the

air layer of aclothed personusing CFD where a 3D laser scanner was used to get
the geometrical shape of the thermal manikin, and fixed skin surface temperature

was used at the boundaries.

Deevy et a(2008) modelled the benchmark of the displacement venation room
where they usedthe geometry of the experimental manikin in the CFD model,
arguing that using the detailed body shape will minimise potential errors
comparing to a simplified form. They also included the thermal radiation from
the manikin where they used thediscrete transfer radiation model. Alsqthe total
heat transfer from the manikin considered 76 W a constant valuand the
convective part was 38 W. They have also compared two different turbulence

models, but differences in results were mior.

Srebric et al(2008) studied the effects of three boundary condition elements in

a CFD study; the contaminant source, the size of the body area, and the shape of
the human body. They found that the fraction of convective to radiative heat flux
affects the accuracy of predictions of the thermal environment around the
occupant. Also, they found that using a simplified shape tife human simulator

will still give accurate results for the domain environment, but not when studying

the local environment of he occupant, were the shapeplays a major role in
predicting airflow near the body. Srebric also noted that in a typical CFD
approach, only the convective heat transfer is taken into account, which is

insufficient where thermal radiation plays a major rde in heat transfer from any
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heat sources(Srebric et al., 2008) Addtionally, Yang et al.(2007) included a
computational thermal manikin in a CFD simulation. CFD is used by researchers
to study the building occupancy factor. The complexity of the geonmgt of the
thermal manikin is used from the simplest one to more detailed 3D scanned real
manikins. In their research they intend to use a detailed human geometry, where
they used a 3D graphic design package to model the detailed human body and
they used amanikin of 1.8m height and a DuBois area of 1.83 In this study,
they validated their work with the experimental benchmark of displacement
ventilation. The human thermosphysiological model exchange data using files
with the CFD model. AlsaCropperetal.(2010) published a paperon the methods
used in coupling a thermephysiology model with a commercial CFD program. In
their approach, they used the shared files method texchangedata between CFD
and a thermophysiology model. For that, they used thei&la model asa multi-
segmerted human thermal model which is able to predict the response of the
human body to changes in the environment. They coupled it with the ANSYS CFX

commercial CFD solver.

In a more recent study Angelova et aR015, integrated athermo-physiological
model with the Fluent CFD software. They studied the effect of clothing and the
metabolic rate on the human body and the environmengPichurov et al., 2014;
Angelova et al., 2015)

To study the transient and local effects of thermal sesation and canfort
perception, van Treeck et aJ.2009 have developed a parametric multisegment
manikin model. The model is an interface between the Fiala's thermoregulatory
model and other computational models. They used the iFluids CFD solver to get
the environmenta parameters, this method requires a highperformance
computer in addition the manikin was placed within the flow as a passive

obstacle.

Literature did not show any application of using an internal coupled Building

Energy simulation and CFDQogether with a detaled human thermo-physiology
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model. multiple studies have linked a thermephysiological model with astand-
alone CFD simulation, sme utilising advanced meshing tools and detailed
manikin geometry. However, none of the research haswstied the effect of a

thermal manikin on building performance.
2.10 Conclusion and Research Gap

The large differencesbetween peoplein both psychological and physiological
make it difficult to thermally satisfy everyone placed in the same environment
(Schellen et al. 2013). Moreover, the occupant thermal state ivery sensitive to
the environmental conditions surrounding it. So, theenvironment has acritical

influence on its thermal comfort productivity and the living environment.

In real life occupant dynamically exchanges heat with its surrounding which is
based on multiple environmental parametersThe two-way interaction of heat
exchange is not well addressed in building simulation tooldnternal loads input
such as occupant heat loads Isan important impact on the building simulation
results. As well as, the surrounding environmental changes havan impact on
human thermal comfort. Consequently,the representation of the occupant in
building simulation needs improvement and that could be dond&dy the mean of

combining a dynamic thermal occupant model with the building simulation tool.

To design a new ventilation system oto test an existing one a CFD study could
provide a wealth of data on the details of the flow in the domain, it is usefulfo
the domain visualisation and obviously, it will reduce the experimental costs.
CFD results will be susceptible to boundary condiins and the most accurate the
boundary conditions the better the results. Correspondingly, a human
thermoregulatory model could predict better the thermal boundary conditions
from an occupant in addition to that such a model is dynamic which means that
boundary conditions will change every timestep. Further, A human thermal
model is a valuable tool to understand the human thenal behaviour when
exposed to different environmental conditions for different activity levels,

clothing type also plays a major rte in predicting the thermal status of the human

40



State-of-the-art
body as it acts as a resistance layer next to the skin layer. It is verygortant to
use amulti-segmented human thermal model to predict local skin and core
temperature in order to assess local thermal disomfort, especially in cases of

asymmetry situation and norruniform radiant temperature.

However, the transient nature ofthe occupant heatload is not fully addressed
and implemented in a building simulation tool. Most previous studies are limited
to the influence of the transient environment on occupant thermal comfort. As
both sensible and latent heat load emitted from occumt affected by its

environment, and in situations where building allows zone temperature
fluctuation as in naturally ventilated building, therefore it is essential to consider

the dynamic occupant heat loads in building simulation.
Summary of the gap foud based on ouriterature:

1 Building simulation usually does not consider the transient nature of
the building occupant heat loads.

1 There were a few attempts to use detailed physiology models in
building simulations to check for thermal comfort, but none othem
has consicred the transient nature of heat losses in building
simulation. (The effect of the occupant heat loads on the buil
environment have-not been fully addressed).

1 None of the CFD approaches has considered both building and
occupant in one dynamic simulation. Therefore, the approach
(building simulation-physiology modeltCFD) has never been

considered in a previous study

This thesis contributes to the state of the art by developing a method for coupling
an explicit thermal representation ofbuilding occuparts within in CFDcoupled
building simulation tools in order to have a réiable and more detailed prediction
of their thermal comfort and their thermal interaction with the building in greater

detail than has been done before.

41



Chapter 3: Building Energy
simulat ion tool ESRr

3.1 Chapter overview

In this research,the author chooses to use ESH a reliable and widely known
energy simulation tool. The reason behind this choice was because ESRB an
open-source, a researcher attractive tooland the help am support that can be
delivered from the developers.Although ES-r lack of detailed documentation
and it has a primitive interface, but one of the keysto choosing ESH is to
integrate our dynamic occupant is its flexibility.Moreover, the adaptive couping
functionality in esp-r between the dynamic thermal model with computational
fluid dynamic was the most valuable motivation of the selection. The integrated

CFD tool wagprofoundly usedin this research.

This chapter briefly describes the ESPr software and the main energy balance
equation and method and solution usedln addition to a brief methodology of

improving the occupant representation.
3.2 ESPr Energy Building Simulation Tool

ESRr a dynamic building simulation tool which stands for Bvironmental Sysem
Performance and the r for research it is a computing enviranent for building
and/or plant energy simulation as defined in ESRU 2002 The first numerical
engine of ESP was introduced in 1977. Clark8002) investigated and compared
the different energy modelling techniques and in order to represent all building
heat flux exchanges and dynamic interactionshe developeda set of coupled

state-space equatiors and a numerical processing@pproach
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In ESPr, a simulation model consists of aetting with one or more building. A
building model in ESPr can be consist obne or more polyhedral zones. To set up
a zone,one needs to define its geometry, its construction materials and its usage
profiles. By increasing the number of zone&€SPr also usesnetworks to define
energy subsystens in the building such asairflow, HVAC systems and electrical

systems

The building and its subsystems can be decomposed into a coupled set of
differential equations that when solved yield the energy and mass elxanges
ocaurring throughout the building. To solve theseenergy and mass balances in
buildings an advanced numerical method was adopted in ESRo integrate the

different equation types of algebraic, ordinary differential and partial differential.

ESPr is a helpfu design tool for studying energy and environmental
performance. It contains a number of interdependent program modules. The
integrated simulator in ESPr is constituted of multiple numerical solvers which
can be considered separately or in varias combindions. Solvers were optimised
for the building, network or computational fluid dynamic CFD based flow, plant
and electrical power domain. The solvers have the ability to pass information so
they can pass results from one solver to another and \@oversa deending on its
order in the calculation. The next sectionwill briefly explain the modelling

process adopted when using ESP
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3.3 Structure of ESP-r

User Domain Technical Domain

Project Product
Manager model
[

Support applications,
Users | databases, tutorials ete Simulator
Results L
Time-serics
Analyser state vanables

Developers

design exemplars

Figure3.1: ESR structure (ESR)2002)

Figure 3.1 shows the relatioship between the different part of the ESRr

program. Following is a description of a number of the modules of ESP

The Project Managelis the place where the building and plant configuration are
defined, and the complete description is called product model. Since a building
model is subjected to weatherimpact and it is simulated over time, then those
weather file and time needs have to be set he(&SRU 2002) Throughthe project
manager, user can access multiple modules like the Event ProfileBatabase
Management Module which is regponsible for defining profiles of the time-
dependent variations in zone occupants, lighting, plant control and appliance
usage. TheConstruction Data Management Modul@manages(creates, modifies,
edits and lists) primitive and composite constuctions databases (ESRU 2002)
The Plant Components Database Management Moduiéhich manages glant
components databaseand aClimate Database Management Module manage

and analyse climatic data collections. Th&imulator is the building and plant
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simulation engine which grabs all the defined information through the other
modules, especially the construction and weather data in order to do a simulation
which able to predict building and plant energy and fluid flows by a rigorous

numerical methodd

To present the results obtained from the simulator to the user in a variety of
output options. Like aperspective visualisation, results interrogation, statistical
analysis, graphical display, tabulations, frequency binning and 3D plottilgSRU
2002; Hand,2018).

Another important module that will be usedin this research is thecomputational
fluid dynamic modulethe function of which is to set the CFD domain the boundary
conditions, the openings and sourcesA CFDdomain is composed of a numbeof
cells that representsthe air volumes within a thermal zone. For a CFD domain, it
needs todefine the gridding of the domain, the boundary conditions applicable,
groups of cells at the boundary which represent inlets owoutlets, blockages
within the domain representing solid oljects, in addition to the sources of heat

and/or contaminants.

The cells within a domain in ESP are rectilinear in the X and Y axis and normally
rectilinear in the Z-axis.The CFD domain solver is implemented with the building
solver Building-plant solver (bps) supporting coupled solution with the zone

solver and the mass flow solveHand, 2018). Further details about the CFD

domain in ESPr is discussed in Chapter 7 section 7.2.1.

3.4 ESRr Thermal Model

The model of a building inESPr is constituted of multiple small control volumes,
each control volume, which represerd a region or category of space is
represented by a node, the conservation of mass, energy and momentum
between the nodes is then appliedsach control volume equadion can bederived
from the law governing the conservation of mass, energy and momentum. These
equations describe all the physical action that could apply in a volume like heat

conduction, convection airflow and moisture flow, et¢Clarke, 2002) Settingthe
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boundary conditions andchoosing real climate data in order to solve the set of
equations which allows the assessment of the transient energy and fluid flow

process happening within the building(Kelly, 1998.

Based on the conservation equations of engy, mass ad momentum the
characteristic equations are defined for each control volume. Where these
characteristic equations enclose the physical characteristics and changes related
to the control volume and also implicitly link the volume to its neighbous. The

linkage to theadjacent volumes can be as heat or mass exchange.

For each node has an energy balance considering the relevant energy flow paths.
The energy balance of the thermal interaction between each twaeighbour node

is called inter-node heatflows and aresulting equation set links all inter-nodes
equation over time and spacgClarke, 200L; Kelly, 1998; BeausoleitMorrison,
2000; Negrao, 1995.
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The heat exchange within opaque constructions is complex, it uslalinvolves

different modes of heat transfer like solid conduction, gaseousonvection,

radiation and sometimes moisture transfer. In ESPr the building fabrics are
represented asmulti-layered construction by adding a series of solid elements.

The construction layers defined in a model provide the physical boundaries to the

zones. The building construction layer is normally represented by three control

volumes (nodes). A homogeneous materialolume in the middle of a layer, and

two surface volume at the bondaries o the layer (Kelly, 1998; Beausoleit

Morrison, 2000; Negrao, 1995)
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Homogeneous node

Mixed surface node

Figure 32: nodal discretization for aypical building construction component.

In the case of multiple layerseveryOx 1 1T AECEAT 6008 1 AUAOO

volume defined as mixel property volume.

A multi-layered construction is represented in figure 2 it shows the different

layers and the different nodes forming the final construction.
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The heat balance for the homogeneouontrol volume can be described with the

following three terms,

YO £ 1 £HWREAH O & QDE & Qo M BEE
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The relation state that the defined homogeneous node will store or release

energy inaproportion of heat transferred by conduction from the neighbouring
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node and to the amount of heat generated. the storage term is characterised by
the rate of change inémperature of the control volume. The heat source can be
an embedded heating system as underfloor heatin(Kelly, 1998; Beausleil-
Morrison, 2000; Negrao, 1995)

The mathematical form of this energy balance in the-direction is given as

"o— — R (3.2)
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direction [W/m2]; and 1 is the heat injecton from the embedded plant
component [W/m3]. For the sake of clarity, the nodal thermophysical properties
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The internal surface node of a construction layer exchangdieat with its
neighbour node the homogeneous node in the middle of the layer and the air zone
node from the other sideFigure 3.3 shows a representation of an internal surface
node in a construction section and thdneat exchange with the other nodesThe
energy balance at this node is similar to the previous one with an addition of two
means of heat transfer radiation and convection(Kelly, 1998; Beausoleit
Morrison, 2000; Negrao, 1995) The heat balance than can lescribed as:

YO € 1 €70 0 o
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(3.3)
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The conduction happens at the boundary of the control volume with the nesto
surface node which is the homogeneous node of the construction. The source of
heat can be in addition to plant injection it can be fronsolar gains and longwave
radiation and sources of heat in the zone like radiation from occupant, lighting

and equipment.

Qrad,s—ﬂ

Qsolar 23 qplant * Gcasual

di-1+1

Figure 33: Heat balance at the internal surface node.

The net longwave radiation represents the radiation heat exchange with the
other surrounding surfaces. Andfinally, the convection heat exchange term
represents the heat exchanged by convection between the zone air node and the
wall construction internal surface node. In this approach the zone air
temperature is considered unifom. This term is affected by thedifference in

temperature between the two nodes and the

heat transfer coefficient(Kelly, 1998; BeausoleitMorrison, 2000; Negrao, 1995)

After considering the storage as a backward difference scheme, Adding the
implicit and explicit expressions and groujng future time step terms the final

form of the energy balance equation is given as
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The | node is located at the internal surfacef the construction. F1 is the
preceding node in the construction and it represergthe homogeneous node and
yCp EO OEA UITA80 AEO 11 AAS

Where 'Dﬁy is the convection heat transfer coefficient [W/n#K] between the
surface at node | and the zonair node, evaluated at the future timestep. N is the
number of surrounding surfaces inlongwave contact. "QF,Z is a linearized

radiation heat transfer coefficient [W/m2K].

e

n i IS the solar radiation absorbed at nodel at the future time-step.

n i represents, the radiant energy absorbed frm casual sources (such as
occupants, lights, office equipment) at the future time step) y r represents, a
radiant plant input to node [, that can be from a radiant heater located within the

room at the future time step.

That is the bast discretised equation used in ESPto characterise the energy
balance at the internal surface node of a construction. As the equation shows it
considers he heat storage, the conduction with the inner layer of the fabric layer
the convection with the air node, the longwave radiation exchange with
surrounding surfaces and the absorption of solar radiation, radiant casual gains
(eg. Occupant) and radiantplant injection (Kelly, 1998; BeausoleitMorrison,
2000; Negrao, 1995)
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This section will deal with the most important element of building model which

is the enclosed air volumes that form the thermal zones of the buili.

The simple and basic representation of the volume of fluid that constitutes a zone
is by considering it as a single volume which can be represented as a single node.
Where this volume is surrounded by solid constructions in addition to heat
transfer by convection, the fluid exchange with its neighbour fluid volumes,

external infiltration, the occupants heat and vapour gains, plant interaction etc.

The boundaries of the control volume of the air inside a zone are the solid
constructions internal surfaces. Looking to the air node in the following the node
| will represent the air node. J will reoresent an air node in an adjacent zone and
S represensthe surface nodes, Node o will represent the outdoor air nodgelly,
1998; BeausoleitMorrison, 2000; Negrao, 1995). Figure 3.4 sketches an example
representing the air node and the interaction withthe other surfaces, external

and neighbour air nodes.

Air flow from neighbour zone J

Infiltration from outsid¢ o @ /
Q
0 ®
S2 P
S Internal
@ Gain | S3 ¢ ®
Air node I,;/
Intem&:m‘ace node S
@

Figure 34: Energy balance at air node of zone.
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As shown in the previous section the internal surface ade and the air node
exchange heat by convection, the convection term in the air node energglénce
represents the total heat transfer from all surrounding surfaces to the zone air
node. In addition, the energy balance of an air node considers the airfldwom
adjacent zones and outdoors and convective and latent sources of heat. The

energy balane at the air node can be described as:
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(3.5)

The energy balance equation governing these exchanges is of the form:
" Qo— B A (3.6)

Where,” Moo~ are the fluid volume average density [kg/nd], volume V [n#],
average specific heat [J/kgk] and the average temperature@] consecutively.
They represen the thermal capacitance of the fluid volume. The righband side
of the equation represents the summation of the energy fluxes [W] interacting

with the control volume.

The final form of the energy balance equation at the air node after adding the
explicit and implicit forms and dividing by the zone volumean . The equation is
arranged with the future time step on the left and the present to the right the firla

form of the mathematical equation is given as
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where N is the number of bounding surfaces) is the area of the surrounding

surfaces [m2], and'Qﬁg the future time-step convective heat transfer coefficient,

for surface S. M ishe number of zones supplying air to the control volumet o~

is the mass airflow from zone J to theane | [kg/s] at the future time step and
& o7 is, the infiltration rate from the outdoors [kg/s] for the future time step.

“Y ¥ and"Y ¥ are, the future time step temperatures of the air node in zone J

and the outdoor air, respectively

Yy

And as defined previouslyn i IS the heat transferred from casual sources,

but only the convectve part goes directly to air node (such as occupants, lights,

Yy

office equipment) at the future time.n i represents aconvective plant input

to node | at the future time, that could be from a convective heater located within
the room or from an air-based mechanical system delivering a supply of
conditioned air to the room (Kelly, 1998; Beausole#Morrison, 2000; Negrao,
1995).
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The above equation describes the ondimensional heat flow associated with air
volume ESPr deals with three-dimensional heat and mass flow in the air volume
using integrated computational fluid dynamic (CFD), this will be discussed in

chapter 7.
c8u38 | OOEI 1T 1 &£ ZL£ET EOA O1 1 60i A ANOAO

The previous sections show the energy balance equation using the control
volume to different aspects of the building similarly for other building
components the energy balance equation is defined for example fdhe plant,
external fabric surface, window surface etc. All will havehe same equation
structure but with different coefficients. Each equation has expressions
representing the future temperature of nodes in thermal contact and

corresponding present time step expression.

After defining the set of energy balance equations of all nodes in the model, a large
matrix of equations is formed. The equations are arranged in the form where the
future time-row nodal temperatures, plant injections, source terms, and external
environment excitations grouped to the left and the corresponding present time
row quantities to the right. The coefficients of the future timestep cannot be
evaluated until the future timestep temperatures are evaluated for that the
system of equation is not linear. In order to linearize this system of equatiorihe
coefficients are evaluated one timestep in arears. That means the future time
coefficients are calculated using present temperat@s, while present coefficients
are calculated with the immediate past temperature. Similarly, the same
technique has been adapted for the dynamic occupant heat load wieethe
current environmental parameters are used to calculate the future internal heat
loads. This technique of linearization is very efficient, especially for small time
step of less than one hour(Kelly, 1998; BeausoleitMorrison, 2000; Negrao,
1995). Sirce the outdoor environmental parameters are predefined by the user
and by using the lirearization approach, this allows the future timestep data to

be moved tothe right side of the equation.
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The set of zonal equations can be written in matrix form as:

oYY 8Y 8§ & (3.8)

Where A is he matrix holding the coefficients corresponds to the future time
step, B is the matrix holding the coefficients corresponds to the current time step,
and matrix C contains known boundary interactions such as heat exchange with
the sky and ground™Y Y and“Y are columnmatrices that hold the nodal
temperatures and heat injections for the future and present timesteps

respectively.

Since the ridht side of the equation (present timestep) are known it can be

combined and represented as matrix.

The solution of the equation can be achieved by multiplying both sides by the

inverse of A, to get the unknown temperatures and heat injections.

YY 8 & (3.9)

ESRr employs a simultaneous direct solution approach based on matrix
partitioning and Gaussian elimination. A full explanation and details are given in
chapter 4 of Clarke(2002).

The solution method intends to deduce the boundaryonditions to the rest of the
model, and hence calculate the performance of the modelled zone takingo
account the interaction of other factors such as the plant injection and the control
system. The control system is very important for the processingf the equation
sets. The control system in ESPbased on sensing a specified nodal parameter,
which is linked to an actuator which takes action appropriately at the same or
different node. The objective of the actuator is to bring the sensed nodal

parameter to its desired value.
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3.5 Methodology and Linking approach

As stated earlier inchapter 2 (section 2.10) research gap, building simulation
considers internal heat gains from people as fixed numbers based on a defined
schedule. ESP also follows the same approach by allowing users to define
internal heat gains from occupants as fixed ratio numbs distributed over an
hourly-weakly schedule. It is also clear from section 3.4.4 how the internal heat
gain from occupant has been represented in the air nodenergy balance
equation. The equation showed that the usedefined heat flux is always used as
a fixed ratio number. Since the amount of sensible/latent heat flux are not a fixed
number and heavily dependent on the environmental conditions, and the human
physiology. The dynamic behaviours of sensible and latent heat loads using three

degrees of detiled human representationhave been addressed

o8/ AAOPAT O EAAO T1T AA OUOOAI
As it has been stated before in this thesidie occupant are always describedas
fixed rate of heat load injected into the air node. Moreover, theccupant/hnuman
body has not beendescribed in any building simulation tool as a thermal node
having mass and interacting with the other nodes of the building systenm this
section the author trying to propose an approachof describing the building

occupant in more detail.
The occupant heat node inside the building simulation system can be described

as:
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(3.10)

The human body exchange heat with air node in addition to all surrounding

construction nodes. Radiative heating and cooling systems can be applied directly
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as radiation into the contrd volume. The mathematical equation of the occupant
node in the building is described in detail in chapter 5using the two-node
thermo-physiology model and chapter 6 when using the multrsegmented
thermo-physiology model Where all heat transfer between te human body and

its surroundings has been addressed.

The dynamic occupat model requires some usetdefined parameters as
occupant presence, number of occupants, metabolic rate and clothing insulation.
These data are user predefined and stored in the operan file. The operation file

is hourly based, that means each defineddlar has its inputs.

The dynamic occupant moded are subroutines inthe building-plant solver (bps)
andwill be called each time step fronthe routine which handles the internal heat
gains exchange with the surrounding nodes in a zone. Thatts assign the futire
occupant internal loads. It uses the present environmental parameters with the
corresponding individual input parameters from the operation file which

describe the occupant scidule in each zone

The progress of improving the occupant representation irbuilding simulation

will be in three stages

1. A simple responsive model predicting sensible and latent heat
loads directly

In this approach, the sensible and latent heat load fro occupants has been
modified to be calculated as a function of operative temperature and
metabolic rate, instead of the fixed values. Figure3.is a representation of

this approach.
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Figure 3.5 Representation ohe interaction of the first approachheresponsive
internal occupant heat fluxes witlthe building.

2. A two-node physiology model

The two-nodes model is a physiological model account for sweating,
shivering, and blood flow the core node is an internal nodand interact with
the skin node, bothrepresent the human and the interaction with the
building parts happens through the skin node. Clothing is also considered
as an insulation layer.The energy balance equations for the twenode

accounts for theheat exchange within atime step.

Figure 36 is a representation of this approach in the building. The model
predicts heat fluxes and respond to the environmental changes;the

prediction of the skin temperatures allows for comfort assessment.
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Figure 3.6 Representation of the interaction of theasnd approach the twenodes
model skin/core withthe building.

3. A multisegmented physiology model

As the name suggess a multisegmented occupant modelthe model
segments the human body into multiple bdy parts. Each segment of the
body interacts thermally with the environment and the other body parts.
Blood flow circulates in the body parts through arteries and veins where
each represens an internal node.Energy balance equation is set for each
node.The model predicts thetemperature of the current node based onthe
previous time steps values and the heat exchangegthin a defined time
step and for that it is dynamic. Figure 37 is a representation of this

approach.
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Figure 37 Representation of the ireraction of the third detailed multisegmented
physiology model withthe building.

In building simulation, the precedingapproach multisegmented occupant will be
interacting with one air node, the dry bulb temperature distribution over the
body is not consideredalso air velocity is consideredasafixed number. For that,

to increase the level of detailshe multisegmentedmodel has been appliedo CFD
in order to study detailed airflow inside the room and around the human body
Figure 3.8 is a representation of the segmented human thermal model ids a

CFD amain.
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Figure 38 Representation of the interaction of the migiegmented model with CFD
domain.

3.6 Summary

As ESH was the selected building simulation tools to improve the occupant heat
loads integration in the energy balance systenThis chapter has presented a brief
description of the ESPO8 O AT A O C UatichAdnd\ dsgediallyihe Gurrent
state of occupant internal heat gain representation in this equation system. Later
the proposed approach was discussed and different steps of implemtation
were defined. Where a dynamic internal heat gain from occupants proposed in
three approaches by using a simplified regression equation second by using a
two-node thermo-physiological model and third by using a detailed multi
segment human therno-physiology model in a detailed building simulation
including CFD.
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Chapter 4: Simple dynamic linear
model of occupant thermal loads

4.1 Chapter overview

Most building simulation tools use a predefined fixed occupant sensible/latent
heat load ratio. Ths approadh simplifies the dynamic nature of heat losses from
the human.This chapter will introduce the first responsiveapproachto modelling
the occupant reat loads. This will be the first step toward the detailed dynamic
occupant model. For this reasontwo dynamic polynomial equations were
developed based on published data for both sensible and latent heat loads
emitted from building occupant under different operative temperature and for

different activity level.

4.2 Internal heat gain from Occupant

When it comes to defining the occupan® Beat loads in a building for energy
performance simulation, there are some recommendations for the designers and
building simulation tools users to follow. Recommendations were usually based
on experimental data for people in thermal equilibrium, usually provided in
CIBSE(2008), ASHRAE Standard 52013, also in ISO 773@®005 and ISO 8996
(2004). The dataprovided describes the latent and sensible loads emitted from
people at steadystate once they achieve thermal eqlibrium for specific room
temperature and metabolic rate. The designer needs to decide beforehand on the
operative temperature and the metalolic rate with regard the selection ofheat

loads.
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The common practice of defining the occupant heat loads for a biding
simulation in a predefined schedule does not allow for the dynamic nature of heat
loads. The ratio of sensible to latent loadss fixed overthe periods based on a
design indoor temperature (ASHRAE_ Standard 2015)hiE is not always the case,
especidly when it comes to design natural ventilated buildings where zone
temperature is variable during the day. Moreover,new building desigrs allow a
range of temperaturevariation to reduce energy consumptionFurthermore, the
fixed occupant heat loads apprach leads to prediction error, especially when
allowing the temperature to vary in a specific range (draft in temperature) and

high density occupied buildings.

Asit has been discussed in the literature reviewehapter 2 section 22.2, occupant
heat loadsare affected by its environmental conditions This approach will take
into consideration the first two major parameters that affect the ocupant heat
loads which are the operative temperature and the metabolic rate. From a
physiological point of view, themal equilibrium will be achieved in a human body
when the production of heat is equal to the heat lossedSO 7730, 2005;
Choudhury et al, 2011).

The body is working at maximum efficiency only at comfort condition so when
the environmental temperature inaeases or decreases, heat losses will be
changed andaim to achieve a new thermal equilibrium state, the body will try to
acclimatise itself to the new conditions which might require a regulatory
mechanism (shivering, sweating, vasomotor) to be functionallhe normal body
temperature for human beings is the 37C with a tolerance of £05 °C and any
change in the bodytemperature will cause a variation in the heat losses or heat
production which will bring the body temperature back to its normal value
(DuBois, 1939). Heat production in a body is done through the metabolic activity/
oxidisation of foods. The metabolic hat production in a body is generated at
different rates depending on the activity level. Consequently, at a higher activity
level (high metaboic rate) the body will emit as much heat in which the latent
heat loss plays a major role in order to keep the laty temperature constant
(Hoppe, 1993)
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Thoughthe metabolic rate is the rate of heat emitted at equilibrium by the body
per unit skin area, it has a unit of met where each 1met is equivalent to
58.2[W/m?Z2]. For a normal average body with 1.8mM?] body surface areathe heat
generates for 1met will be around 104[W]. Even when the body is in an idle state,
the body will be emitting around 100 [W]. Dfferent factors could affect the basal
metabolic rate value like age and gender-or exampleolder peoplehave a lower
metabolic rate compared to young people because t&#ssbody muscle Further,
the metabolic rate will increase when the body weighand surface areaincrease
(HOppe, 1993)

4.3 Methodology

To investigate the effect of making the occugnt loads variable in the energy
building simulation, we have made our first approach by changing the way heat
gain from people was representedn ESPr, by moving from defining the internal
loads based on the design operative temperature and specified nadiolic rate to
specifying only the activity level and usg the dynamically predicted operative
temperature from the building simulation. With that changesthe sensible and
latent heat load ratio from occupant becomesa variable function of the
dynamically predicted operative temperature in building simulation.
Additionally, for the final load calculation the number of people and gender/age

were considered.

After analysing the available data of building occupant heat loads in the literature,
the author wasable to produce a simple regression model to predict the overall

sensible and latent occupant heat loadsfer to section 43.2.

As ASHRAE publisbd some @ta of occupant loads for selected activity level and
different room temperature (ASHRAE Fundamental2017). Humphreys et al.
(1966) published a study of heat loads emitted from occupants of a survival
shelter, in that study, they measured the skn temperature of the occupants and
used a model to calculate the latent and sensible loadEhe data of sensibé and

latent heat from people for the different metabolic rate and different surrounding
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temperatures has been adoptedAregression model was degeloped for occupant
heat gain as a function of the two variables metabolic rate and operative

temperature.

t@B8p AOACI OEUAA T AOGAAT T EA OAOA 11 AA
A regression line is made for the three sets of data taken fro(lumphreys et al.,

1966). The three sets of dta represent three activity levels 1 met (seated

relaxed), 1.2 met (Sedentary activity) and 6. met (Standing, light activity).The

regression lines are for both sensible and latent heat load from people wearing

clothing insulation of 1 Clo and an air velcity of 0.2 m/s of an operative
temperature ranged between 10 and 50C (Humphreys et al., 1966. The fitted to

data line has a polynomial equation of a secondegree function of zone operative

temperature.

Figure 4.1 a,b and ¢ shows the data lines of séple and latent heat losses from
the clothed person at three different activity levels. It cabbe seen from the graphs
that the ratio between sensible and latent load from occupant heavily changed
depending on the surrounding operative temperature. Sensibé heat gan
decreases and latent heat gain increasewhile the operative temperature
increases.In addition, the latent heat gain increases when the metabolic rate
increases, the aggregation point between the latent and sensible load happeat

a lower operative temperature compared to a lower metabolic rate. Relative
humidity inside a zone plays anajor role on the evaporative latent load due to
sweating evaporation where higher evaporation occurred during low relative
humidity. On the other hand, during Iigher relative humidity an accumulation of

sweating happers at the skin.
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Figure 4.1: Sensiblend latent heat dissipated from an average body weighted person
at the activity level of a) 1.6 met b) 1.2 met c) 1.0 met.
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The intersection point between the &tent and sensible heat load from occupant
varies for the different activity levels. At a higheactivity level, skin temperature
of the human body will rise, and more sweating will be generated at a lower
temperature, which explains why the sensible andatent load will be equal at
about 21°C for 1.6 met compared to 29C for the activity of 1 metThe equations

below are the three set regression lines for the different activity levels.
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For a wider range of activity leves$, the degree of complexity tdhe polynomial
equation was increasedto calculate the sensible load from occupant with both

variable temperature and metabolic rate.

T@B8EI PI A AUT AT EA TAAOPAT O EAAO 11
The three models are then evaluated, and more detailed regression model
developed wih both operative temperature and metabolic rate as variables by

analysing moredata.

More data were taken from the tables provided byASHRAE Standard 52013;
Carrier, 1965). Figure 4.2 and 4.3 ar¢he extraction of the data table taken from
the references previausly mentioned. Thedata represented the average adjusted

metabolic rate function of room air dry-bulb temperature.
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Temperature range provided by Carrier is between 21 and 28C values which

considered suitable for the indoor thermal conditions. AHRAE table and data

provided are set to the room air temperature of 24°C and they added that an

increase of 3°C to the room air temperature will result in a 20% increase in the

latent load and a similar decrease in the sensible load.

After analysing alldata andgrouped based on tenperature and metabolic rates a

new combined model for latent and sensible are provided belowquation 4.4 and

4.5.
TABLE 48-HEAT GAIN FROM PEOPLE
Aver-
age
Met- [ Ad-
DEGREE OF TYPICAL abolic | justed ROOM DRY-BULB TEMPERATURE
ACTIVITY APPLICATION | Rate | Met-
(Adult | abolic 82F 80F 78 F 15 E 70F
Male) | Rate* Btu/hr Btu/hr Btu/hr But/hr Btu/hr
Btu/hr | Btu/hr [Sensible] Latent [Sensible] Latent [Sensible] Latent [Sensible] Latent [Sensible] Latent
Seated at rest Theater,
Grade School | 390 350 175 175 195 155 210 140 230 120 260 90
Seated, very light
work High School 450 400 180 220 195 205 215 185 240 160 275 125
Office worker Offices, Hotels,
Apts. Colege| 475
450 180 270 200 250 215 235 245 205 285 165
Standing, walking [Dept, Retail, or
slowly Variety Store 550
Walking, seated |Drug Store 550
500 180 320 200 300 220 280 255 245 290 210
Standing, walking
slowly Bank 550
Sedentary work__|Restaurantf 500 550 190 360 220 330 240 310 280 270 320 230
Light bench work |Factory, light
work 800 750 190 560 220 530 245 505 295 455 365 385
Moderate dancing|Dance Hall 900 850 220 630 245 605 275 575 325 525 400 450
Walking, 3mph  |Factory, fairly
heavy work 1000 | 1000 270 730 300 700 330 670 380 620 460 540
Heavy work Bowling Alley#
Factory 1500 | 1450 450 1000 465 985 485 965 525 925 605 845

Figure 4.2: The heat gain from peoplEhe table is taken from Carrier Air
Conditioning Company bookl965).
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Table 1 Representative Rates at Which Heat and Moisture Are Given Off by Human Beings in Different States of Activity

Total Heat, W . % Sensible Heat that is
Sensible Latent b
T Radiant’
Adult Adjusted, Heat, Heat,
Degree of Activity Location Male M/F? W W Low V High V

Seated at theater Theater, matinee 115 95 65 30

Seated at theater, night Theater, night 115 105 70 35 60 27
Seated, very light work Offices, hotels, apartments 130 115 70 45

Moderately active office work Offices, hotels, apartments 140 130 75 55

Standing, light work; walking Department store; retail store 160 130 75 55 58 38
Walking, standing Drug store, bank 160 145 75 70

Sedentary work Restaurant® 145 160 80 80

Light bench work Factory 235 220 80 140

Moderate dancing Dance hall 265 250 90 160 49 35
Walking 4.8 km/h; light machine work Factory 295 295 110 185

Bowlingd Bowling alley 440 425 170 255

Heavy work Factory 440 425 170 255 54 19
Heavy machine work; lifting Factory 470 470 185 285

Athletics Gymnasium 585 525 210 315

Notes: Adjusted heat gain is based on normal percentage of men, women, and children for the application listed,
1. Tabulated values are based on 24°C room dry-bulb temperature. and assumes that gain from an adult female is 85% of that for an adult male, and gain from a child is 75%

For 27°C room dry bulb, total heat remains the same, but sensible of that for an adult male.
heat values should be decreased by approximately 20%, and latent  Values approximated from data in Table 6, Chapter 9, where ¥ is air velocity with limits shown in that

heat values increased accordingly. table.
2. Also see Table 4, Chapter 9, for additional rates of metabolic heat ~ “Adjusted heat gain includes 18 W for food per individual (9 W sensible and 9 W latent).

generation. dFigure one person per alley actually bowling, and all others as sitting (117 W) or standing or walking
3. All values are rounded to nearest S W. slowly (231 W).

Figure4.3: Heat and moistte emitted by people for different activity taken from
ASHRAE Standard 52017).
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The model shown in equations 4.4 and 4.5 is of the second degree with two
variables dependent on the metabolic rate and operative temperature. Th
operative temperature is a dynamic parameter predicted and updated by the
building simulation tool ESRr and the metabolic rate is an input provided by the

designer based on a schedule.
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This model is valid for occupant wearing clotling insulation of 1 Cb and air

velocity surrounding the occupant of 0.2 [m/s].

Energy plus has previously made a similar attempt modelling\aariable occupant
load. Their model based only on the data taken from th@arrier Air conditioning
book (Carrier, 1965), The model conglers occupant has already been in steady
state thermal condition. For that they provide a model to describe the sensible
heat load as a function of operative temperature and metabolic rate. Thethe
latent heat load is simply the difference between thenetabolic rate and the
predicted sensible load. By doing that, they neglect any possibility of heat storage
in the body saying that all metabolic heat generated is dissipated to the

environment. The model does not consider any nansteady-state situation.

Although the metabolic rate is a constant input irthis model, but by providing
two separate modes for sensible and latent heat loadst got a slightly flexible
result where the sum of the heatossis not alwaysequal tothe metabolic rate. It
showed more reasonable results compared to whait is achieved by considering

all heat generated is lost to the environment.

Ve
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The heat dissipated from the people can bdifferent from one to another due to

the differences in bodysurface areas and weight.

In this approach the age and gendehave been considereds input for the model
dividing the occupants into three category adult female, adult male, and children.
In this case the amount of heat load transferred from a female Wi be equal to
85% of that emitted from an adult male, and children are 75% of an adult male.

As an approximation to what it is stated in ASHRE standard 552017.
1@t AKET OACOAORKI 1T ET %30

Figure 44 shows a schematic flow chart for the integrated yhamic occupant heat
load model in ESR. The chart shows all the input required for the model to

predict the total sensible and latent heat loads at each timstep. The predcted
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values are considered as part of the internal heat load for bps to predidti¢ new

internal environmental conditions.

1@ 032 EI OAOZAAA AEAT CAO
The implementation of the new model in ESI required changes to the casual
gain algorithm and the useiinterface. The following functionality was added.

Our model required new inputsto get the total occupant heat loads in ESP The
new model requires the metabolic rate, the metabolic rate is given based on an

hourly schedule.

* Internal loads

ESP-r

* Operative temperature

A 4

* Hours of presence,

e gender,

* number of occupancy,
* metabolic rate

Figure 44: Flow chart shavs the model integrated ito ESPr inputs and outputs.
schedule.

The metabolic rae, describe the activity level othe occupant during the specific
hours. 1SO 8996(2004) describes the ways of calculating it. The standard
provided different levels of accuacy for estimating metabolic rate each level has

different methods to characterse the mean workload for a given occupation. The
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first level is screening and it is based on selecting the average metabolic rates
based on tables provided. The second leve the observation, it reduces the error
by increasing accuracy, but require moreletails of the occupational activity, it is
based on observation of the body segments involved, the workload of the body
segment, the body posture and work speedrurther, it counts for the rest
duration during the period of work cycles(ISO 8996, 2004.

Once the schedule for the activity level iglefined, the model requiresalso the
number of people and gender. The number of people is set to be a real number so
it can count for occupants who spent a partial time of an houfor examplea room
hasone occu@nt for one full hour and another occupant for 15 min the number

occupant would be 1.25 occupants.

While defining the type of casual gains in ESPthe new feature of using dynamic
people needs to be selected see figures4.The selected featurallows the user to
define the occupant casual gain based on metabolic rate and number occupant

approach by using the developed dynamic model.

After selecting the needed nurber of periods for a day, the user will be asked to

define:

1.The number of men, numbeof women and number of children.

2.The average metabolic rate for that period.

The final operation file will look as in figure 46 an example of an operation file.
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Available types

a- not yet defined W & W/m2

b people basic occupant Ul & m2/p

c lighting basic lighting Wl & W/m2

d equipment basic small power W & /m2
e other non-specific gains I & W/m2
f dynamicpeople nb people & metabolic
g net_utilities as legacy icgtyp = 5

h ALOtherElectric H3K other appliances
i ALStoveNG H3K natural gas stoves

J ALStoveElectric H3K electrical stoves
k ALDryer H3K clothes dryers

* default is option ‘b’
? help
- exit this menu

Figure45: Menu of internal gain type selection in E®®vhere (f) is the new function
type.
17 *casual

18 no casual gain notes (yet)
19 # casual user-label type-key-word slot attributes

20 *type Occupant dynamicpeople 1 1 0
21 *type Light lighting 2 6 0
22 *type Equipment equipment 3 0 0

23 *end_type

24 12 # number of casual gains in day type: weekdays

25 # slot, period, sensible, latent, rad_frac, conv_frac

26 # slot, period, nb men, nb women, nb child, metabolic clo, air vel, rad_frac, conv_frac

27 1, ©, 7, ©0.00, 0.00, 0.00, 1.40, 0.00, 0.00, ©0.600, 0.400
28 1, 7, 8, 1.00, 0.50, 0.00, 1.40, 0.00, 0.00, 0.600, 0.400
29 1, 8, 9, 0.00, 1.00, 0.00, 1.40, 0.00, 0.00, 0.600, 0.400
3@ 1, 9, 14, 0.50, 1.00, 0.00, 1.40, 0.00, 0.00, 0.600, 0.400
31 1, 14, 17, 1.00, 1.60, 0.00, 1.40, 0.00, 0.00, 0.600, 0.400
32 1, 17, 24, 0.00, 0.00, 0.00, 1.40, 0.00, 0.00, 0.600, 0.400
33 -2, 0, 8, 0.0, 0.0, 0.300, 0.700
34 -2, 8, 12, 10.0, 0.0, 0.300, 0.700
35 -2, 18, 24, 0.0, 0.0, 0.300, 0.700
36 -3, 0, 8, 0.0, 0.0, 0.400, 0.600
37 -3, 8, 18, 5.0, 0.0, 0.400, 0.600
38 -3, 18, 24, 0.0, 0.0, 0.400, 0.600

Figure 4.6: operation file including the new inputs required for the new approach.

Tt eEl Al AOAABDAOCET 1

The model can predict both sensible and latent heat loads emitted from an
occupant atthe different metabolic rate anda dynamically predcted operative

temperature. Figure 47 a,b shows the predicted occupant heat loads for two
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different metabolic rate of 1.1 and 1.6met for a wide range of temperature [15 to
30°C] (a) and [18 to 25C] (b). In naturally ventilated building it can be possite
to givea wide range of indoor temperatureaiming to reduce energy consumption.
Based on the adaptive comfort modedeveloped by De Dear et a[2001) the
acceptable indoor temperature in a naturally ventilated building can be between
17 to 31°C. Thevariation of occupant heat loads predictionis shown in figure 8.
The graphsshowed a decrease in sensible heat load dran increase in the latent

heat load of around 40 [W] for an increase of 7C inthe operative temperature.

Sensible at 1.6 met

- atent at 1.6 met

=—4=—>Sensible at 1.1 met

=—#—Latent at 1.1 met

Occupant thermal loads in Watt

0 T T T
15 20 25 30

Operative Temperature in °C

140
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£
%] ""-"--.._______
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o *—
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3 o T%—_, ——latentat1.6 met
<
t —4=Sensible at 1.1 met
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3 == atent at 1.1 met
8 20
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Operative Temperature in [°C]

Figure 47: a,b sensiblerad latent heat load emitted from a person with 1.1 and 1.6
met at different operative temperature.
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Figure 48: sensille and latent heat load emitted from a person with 1.2 and 1.9 met
at different operative temperature.

Another set of model prediction sasible and htent heat emitted from a
person with a metabolic rate of 1.2 and 1.9 met are presented in figureB4Similar
to the previous case sensible and latent heat loss reacts with respect to the
operative temperature. A decrease in sensible heat lossecompanieswith an
increase latent whenthe temperature increases. The other fact is that increasing
the metabolic rate does increase the latent heat loss considerablgonverselythe
sensible heat losshas a very small increase. That can be explained ahen
metabolic rate increasesskin temperature also increassto a certain point since
the parameters inthe environment are constant as air temperature and air
velocity the sensible heat loss stay nearly the same compared with a lower
metabolic rate cae. The bodyncreasesthe sweating and consequently the latent

heat losses.

4.4 Test case and simulation r esults

In this section, the effect of using a dynamic occupant heat load in building
simulation is presented For that the three approaches of repreenting occipant

heat load in ESRH has been comparedThe building model used in this section is
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a predefined model from the examples model of ESR the selected building

model has beenmodified to account for the dynamic occupant load.

Internal load input using afixed amount of heat, representing the occupant heat
load can lead to some calculation deficiaay in the calculation of building loads.
In this example the fixed input of occupant heat loads inside a domain for the
same scheduléhas been compeed with the dynamic approach alsdogether with

the model provided by the Energy plus.

Figure 49: Zonegeometry representation.

t8pl AAT AAOAOEDPOET I

A basic and simplanodel has been selected fronmthe example models provided
with ESP-r. The basic nedel is congituted of three zones of two rooms and a roof.

A small office room of 16n#floor area and floa dimension: 4m width x 4m depth

X 2.8m heightand a second zone represent the reception and it has a base area of
48 me figure 4.9 shows the geomety of the mocel considered. The third zone

represents the roof on top of the two previously described zones.
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All the construction materials used in this model is briefly described in table
4.1.

Table 4.1: model construction and thermal sgfication.

U value [W/m2

Construction types K]

External walls 04
Internal walls (partition) 2.1
Floor 0.9
Ceiling 0.3
Door 3.3
Windows double glazed 2.8
Roof 2.1

Table 4.2: Occupancy internal gain schedule for Office zone

Sensible heat load Latent heat load
Time of day
(W] [W]
0:00 to 7:00 0.0 0.0
7:00 to 12:00 180 100
12:00 to 17:00 90 50
17:00 to 24:00 0.0 0.0

For such amodel, the designer will probably choose a basic office schedule
with the occupant heat load inputpresented in table 4.2 for the officezone and

table 4.3 for the reception zone.
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Table 4.3: Occupancy internal gain schedule for Reception.

Sensible heat load Latent heat load

Time of day

[W] W]
0:00 to 7:00 0.0 0.0
7:00 to 12:00 360 200
12:00to17:00 180 100
17:00to 24:00 0.0 0.0

On the other hand, for comparing with the dynamic model, the nearest
approximated metabolic ratehas to beselected.For that, the metabolic rate 1.4
met has been choseras it represents a total heat at steady state of 145 [W].
Table 4.4 below shows thenput data required for the dynamic model for both

zones office and reception.

A basic controller with a very wide dead banchas been set, wheréeating starts
at 16°C ard cooling at 35C from 7:00 to 17:00 hours The weatheffile of Glasgow,
UKin ESPr has beenused

Table 4.4: Occupancy schedule for the dynamic model.

Office zone Reception zone
Number  of Number  of Metabolic
Time of day  occupants Metabolicrate occupants rate
0:00-7:00 0 0.0 - 0.0
7:00-12:00 2 14 4 14
12:00-17:00 1 1.4 2 1.4
17:00-24:00 0 0.0 - 0.0
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A repeated simulation with the three-occupant model approachhas been
conducted. The simulation period selected was ongear with 15 min time step.
But the results have beenassessed in the following section choosinghtee

different typical daysof the year.

First, a typical winter day has been presentedo show how s the prediction
of sensible and latent loads was during the day. From the results in figure 9.it
canbe seen that the sensible heat prediction is highecompared to thefixed one
and the latent heat load were lower, the great difference in these redts was
because of the low temperaturevhere it reached16 °Cit is considered low for an
indoor environment and it may lead toan uncomfortable environment but it

serves thepurpose of this comparison

Figure 4.11 presents the occupant loads prediction using the dynamic models
for a zone temperature around 22C. At this temperaturethe occupant heat load

prediction was almost at the same levedsthe fixed heat load values.

To see the model prediction in a warm ewvironment, figure 4.12 shows the
dynamic heat load predictions for a summer day where the temperature goes up
to a level of 31 °C.The graph shows how the predictive dynamic latent load
exceeds theiked latent load,and the sensible load was around 50 [Wpwer than
the fixed sensible load for one person when the operative temperature reached
30 °C.

From above,it can be evidently seen how the indoor thermal environment
may influence the amount of tle occupant heat ladin building simulation. Where
the distribution of sensible and latent load varies when the operative

temperature deviates from the neutral or the design temperature.

The dynamic model predicts aigher sensibleand lower latent valuescompared
to the fixed ratio input at lower temperature and contrarily, a higher latent and
lower sensible values athigher temperature. That variation is stated in ASHRE
fundamental table (ASHRAE Fundamental 2017and designers were given

instructions on how to selectthe occupant load based on the design tgmerature,
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but that was not fully studied and implementedto be dynamically calculatedn a
building simulation tool.
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Figure 4.1: Sensible and latent heat loads predicted from the different modielsng
one day inWinter.
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How doeghis approach of buildingpccupant heat loads influence the prediction
of building performance?

Continuing the analysisof results from the same model, for the cold case and
since the zone is controlled to be heated to a minimum tempenate of 16°C. The
heating loads required in this casehas been compared Figure 4.B shows the
heating load required to raise the office zone temperatureot 16°C. As the
predicted (dynamic) sensible load is higher than the fixed ond-or both zones
reception and office, thereduction in heating load was around 4.3kW h] for that
day during the working hours. Figure 4.2 shows the relative humidity for the
different modelling approach. As it is expected with lower latent heat load
prediction from the dynamic model the zone wil have lower relative humidity

compared to the fixed approach.

For the warm environment, in figure 4.5, the results show that temperatire

prediction of the office zone was slightly lower (around 0.95°C) using the
dynamic model and thatwas because the pediction of the sensible heat load
was lower compared tothe fixed load.Contrarily, relative humidity was higher
as the dynamic predition of the latent load was higher. Figure 4.6 shows the

relative humidity in the office zone of thewarm day, for the three different
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modelling approaches.
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What is the difference between the developed dynamic occupant heat load model
and the Energylus model?

As it has been mentionedpreviously that energy plus model predicts the
sensible heat load based on the operative temperature and metabolic tea
considering the occupant is always a steadstate, the latent load was calculated
from the difference of the metabolc rate and the predicted sensible load. Ithe
dynamic model approach presented in this chapter two distinct components
were used one to predict the sensible load and a second one to predict the latent

load.

Allowing both sensible andlatent load to bea function of metabolic rate and
operative temperature gives a freely fluctuatingtotal heat emission (sum of
sensible and latent loads). Figure 4.18 shows that in a cold environmehthe sum
of sensible and latent heat load predicted usopthe dynamic modé was slightly
higher compared to the given metabolic ratewith a maximum difference of
20[W]. Asthe Energy Plus modebf occupanttotal heat losses is always equal to
the metabolic rate.The question that could be asked heafavhetherthat variation
in the total load injected to the zone is realistidhe answer to this question is that
in reality ,the heat losses from he human body is not always equal to its metabolic
rate, Inthe casewhen the heat losses are less #n the metabolicrate that mears
the heatstorage in the human body is higher than zero and ceaquently, the skin
and core temperature are increasingon the other hand, In the case when heat
lossesare greater then the metabolic rate skin and core temperature decreases.
Figure 4.17 and 418, shows how our model predicts the total sensible and latent
heat load for a given metabolic rate and a wideange of operative temperature
4.17 and the Energy Plus prediction 4.8. The differences in the total heat losses
can be also sen in figure4.19 taken from (Viessman, 1966), the figure shows in
compliance to the dynamic model developed here that heat loss vary from the
metabolic rate at high and low temperatureand only at neutral temperature is
equal to metabolic rate when stoage is zero. In general @mparing the dynamic

model and the energy plus quation both showed similar results of building
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performance which gives the model credibility in addition, comparing the
dynamic model to the fixed ratio results gives a clear stament that a fixedratio

can eadly lead to raughly estimate the internal heat load fromthe occupant.
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Figure 4.177: the heat bad prediction from the dynamic model.
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Figure4.19: heat los from a human bog at rest taken from (Viessman, 1966).
4.5 Conclusion

The use of a dynamitiuman thermalmodel will be essentialin the case of having

a variable indoor temperature.

If there is temperature fluctuation inside a zone avariable occupant heat load
demonstrated to be usefulas resultsin this chapter showed. Wherethere is a
significant difference between the results using static (profile) models and
environment-responsive modelson the building simulation results.

The approach described in his chapter presernied a method of calculating the
sensible and latent heat ratio from occupant based on thaynamically predicted
operative temperature. Nevertheless, this approach did not consider the effect of

the surrounding relative humidity, air velodty and even the ¢othing insulation.

For that,the needfor a physiology model can be potentiahot only for the internal
load calculation, but also for studying and predicting the thermal state of the
occupants, and the comfort level. For this reasom the following chapter, the
development, the use and thantegration of physiology two-node model in ESH

is discussed
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Chapter 5: Two-node occupant
model integration with  ESPRr

5.1 Chapter overview

Figure 5.1 shows the building energy flow path usedcom Clarke (2002), the
figure shows the occupant apart of the energy flow as one of the internaheat
loads. In the previous chapter, the effect of the dynamic calculation of building
occupantthermal loadsinside a zone by using a dynamic sensible atatent load
prediction model has been presented By having some user inputs like the
metabolic rate,the number of occupants and the genderalong with the operative
temperature as a dynamic input from the building simulation.However, the
occupants were mt represented asa mass or as a node ifEESPO 6ti@rmal
balances. In this chapter, a twamode physiology model (core, skin) based on the
Gagge modeis developed and implemented in ESP(Gagge et al., 1973; Pennes,
1948; Foda et al., 2011; Shih et al.0@7) to increase he detail of occupant
representation in the building. In addition, the use of dynamic clothing insulation

model has been presented.
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Figure 5.1: energy flow path in buildin¢Clarke 2002).

5.2 Two-node model Description

This section wil discuss the heatenergy balance equationdescribing the heat
losses occurs between the skin layer and the environment and the core layer for

the heat transfer between the core and the skin.

perspiration
Skin node

Clothing

Evaporation

Radiation

Convection

Figure 5.2: twenode model schematic representation$ therma interaction.
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Asit has beenalready discussed, for the human body core temperature to remain
at a constant level, there should be a good energy balance between heat prastlic

and the heat loss.

The general energy balance equation is defined as below:

S=M+W+R+C+ KMEMRES (5.1)

Where S is the heat storage and it is equal to the sum of M the metabolic rate a
positive number, W the external work, R the radiative heat exchange, C the
convective heat exchange, K the conductive heat exchange, in &iddito E the
evaporative hea loss and the respiration heat exchange RES. W, R, C and K can be

either heat loss or heat gain.

At the time when S is zero the energy balance is reached. Figure 5.2 shows the
different means of heat transfer thatare considered in the two-node model. The
core and skin are the two nodes where metabolic heat generated in the core level
also the respiration part a small amount of heat transfer from the core to the
environment directly. Heat transfer to the skin node from the coréhroughout the
conduction and blood flow. Based on the clothing insulation level the heat
transfers from the skin to the environment by convection, radiation and

evaporation.

Ve ~ Ve 7

v8c¢B8POEAT AOEAAT ANOAOEITT O

The thermoregulatory model comprises a core and skivolume. Each ofwhich
can be subjected to energy and mass balance. The model accounts for the
variation in the occupant surrounding environmental condition (zone

temperature and relative humidity), occupant activity rate and clothing level.

The energy bdance equation use to calculte the body core temperature is as

follows.

6 — 0O 0 w 0 0 G 0 Y Y (5.2
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The equation to calculate the skin temperaturés:

a QY Y
(5.3)

Where, Ter, Tskare the core andskin temperature. Cer, Gkare thecore and skin
thermal capacitance of body. Mand Mskare the basal core and skin metabolic
rate. Mshiveris the thermoregulatory shivering metabolic rate. W is the mechanical
work done by the body. @sis the heat dssipated through respiration. Qx-skis the
heat exchange between the core and skin througtontact resistancemoiskis the
skin blood flow. G is the specific heat constant of blood. hc is the external
convection heat transfer coefficient between thelsn and the surrounding. hr is
the radiation transfer coefficient he is the evaporation codicient deduced from
hc by Lewis formula.Tambis the surrounding air temperature,”Y is the mean
radiant temperature, Pambis the ambient vapourpressure Rkis the skin vapour
pressure.
Skin blood flow muiskis variable and it depends on thébody thermal state. The
relation below defines the blood vessel constriction term from the cold thermal
signal of the skin

5eem Y o6& (5.4)

While the blood vessel dilation factor is calculated, using the equation below

related to warm core thamal signal.
0 Quog8 ¢ Y o@ (5.5)
Skin blood is given by the relation addressed below taken frofoda et. al (2A.1)

a q e o1 OCQhp Of¢ (5.6)
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For the sweating rate, the correlation introduced by Smith(1993) was

adopted,where sweating is sensitive to skin and core temperature.

First, the sweating threshold temperature TFweat iS calculated from the

correlation below

TYPTTPULYPYIQETY o8

Y o@vu QETY o & (5.7)
The sweat rated is given by a relationship of the difference between sweat
threshold and core temperature.
a T& xod&'Y 7Y YooY (5.8)

The heat exchange between the core and the skingiven by the equation:

0 0Y Y (5.9)

Where K is the conductance between skin armbre and is calcuhted based on

two conductance the kuscemuscle dependant and K:fat dependant based on the

Havenith (2001) correlation.

0 — (5.10)

and 0 (5.11)

Qrskdepends on the metabolic rate through the difference between the core and

skin temperatures.

The heat dissipated through respirationQesis calculated through the correlation
taken from ASHRAEtandard 55 (2017) The calculation isimilar to the one used

in the multi-segmented modekhapter 6, section 6.2.2
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L8QdcOEAET BROT AEO
The model ne@ls initial conditions for the first time-step of calculation. The initial
conditions, taken for Tskin and Tcore are the values of neutral conditions the

model starts at:
ETcr=37°C
ETsk=33°C

The model body parameters were considered forraaverage adult human as in
table 5.1.

Table 5.1: Body parameter

Variable name and unit Value
Total body mass (kg) Mtotal=75.3
Total body area (m2) Ask=1.85
Fat skinthickness (mm) fatthick=10
Blood specific heat (J/Kg’ C) Gy =4000
Blood density (gcm3) Mblood=1.05
Mean body specific heat (J/K§ C) Cpoody=3100
Water heat of evaporation (J/Kg) hfg=2.4% p 1
Air specific heat (J/KgU C) CPair=1005.7
v8¢8oc #HITAHEAGEITT AT A AUl AT EA AlT1O

Clothing insulation and moisture permeablity are other factors affecting the
sensible and latent heat losses from the skin. In the presence of clothjngis

convenient to combine the convective and radiation heat transfer through the
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clothing into a single thermal resistance. And the sensiblheat losses equatin

can be written as
O Y o o Ty (5.12)

Where Y is the clothing thermal resistance in [(m2.K)/W] and to exclude the
clothing temperature from the equation (5.12) by using the operative

temperature.

Further, the evaporative heat loss from the skin adr considering clothing
evaporative resistance and the skin temperature energy balance equation can be

written in the form:

(5.13)
Where'Y j , is the clothing evaporative heat transfer resistance.

Seleding the intrinsic value of clothing Icl [clo] can be taken for example from
figure 5.3 atable taken from ASHRAE fundamental chap9 201if allows to

calculate the resistance of the clothing where Rcl=0.155Icl

Furthermore, the clothing surface area fetor fcl can be estimated using the
method provided in ASHRAE (ASHRAE Fundamental, 2031509920, 2009) as
ineq. 5.14.

Q  p8t WO (5.14)
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Iyy 1"
Ensemble Description® clo clo [, iy i
Walking shorts, short-sleeved shirt 036 1.02 1.10 034 042
Trousers, short-sleeved shirt 057 120 115 036 043
Trousers, long-sleeved shirt 061 121 120 041 045
Same as above, plus suit jacket 096 154 1.23
Same as above, plus vest and T-shirt 1.14 1.69 132 032 037
Trousers, long-sleeved shirt, long- .01 1.56 1.28

sleeved sweater, T-shirt
Same as above, plus suit jacketand  1.30 1.83 1.33
long underwear bottoms
Sweat pants, sweat shirt 074 135 119 041 045
Long-sleeved pajama top, long pajama 0.96 1.50 1.32 037 041
trousers, short 3/4 sleeved robe,
slippers (no socks)
Knee-length skirt, short-sleeved shirt, 0.54 1.10 1.26
panty hose, sandals
Knee-length skirt, long-sleeved shirt, 0.67 122 1.29
full slip, panty hose
Knee-length skirt, long-sleeved shirt, 1.10 1.59 1.46
half slip, panty hose, long-sleeved
sweater
Same as above, replace sweater with  1.04  1.60 130 035 040
suit jacket
Ankle-length skirt, long-sleeved shirt, 1.10  1.59 1.46
suit jacket, panty hose

Long-sleeved coveralls, T-shirt 072 130 1.23
Overalls, long-sleeved shirt, T-shirt  0.89 146 127 035 040
Insulated coveralls, long-sleeved 1.37 194 1.26 035 039
thermal underwear, long underwear
bottoms

Source: From McCullough and Jones (1984) and McCullough et al. (1989).

1All ensembles include shoes and briefs or panties. All ensembles except those with
panty hose include socks unless otherwise noted.

For t.= t, and air velocity less than 0.2 m/s (I, = 0.72 clo and i,, = 0.48 when nude).
1 clo=0.155 (m2 KW,

Figure 5.3 Clothing insulation values for a collection of clothing ensemble (ASHRAE
2017)

5.2.3.1 Dynamic clothing insulation model

Severalpieces of esearchhave been conducted, pointing out the significance of
the variability of clothing insulation for thermal comfort. Dynamic clothing
insulation models developed were based on either the current daily outdoor
temperature or on the outdoor temperatureof the previous day. (De Dear 1998;
ASHRAE standard 55 2013; Schiavon and Lee 2013, Rida et al. 2019)

Schiavon and Lee (203) developed a model to predict the clothing insulation
dynamically. The model is based on 6333 selected observations taken from the
ASHRAE R-884 and RP921 databases. They investigated multiple variables

which can affect the clothing insulation selectio and among those variableghey
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temperature were the two man variables that influence the insulation clothing

prediction.

For that, the model of Schiavon(Schiavon and Lee 2013)o predict the total

insulation value has been adopted
00 pmd 8 8 -

00 is the dynamic clothing insulation in clo, 0 is the outdoor
temperature of the day at 6 am in °C, andl is the zore operative temperature

in °C.

The modelpredicts the clothing insulation value every timestep based on a daily
fixed outdoor temperature. Which mean the model prediction varies during the
day depending on the operative temperature, in case of a designegdace with
fixed indoor temperature the clothing insulation level will be fixed throughout
the day, however, whenthe indoor temperature fluctuates the clothing insulation

value will be variable during the day.

The previously described dynamic clothing modebf Schiavon is implementedn

ESPr to give our occupancy modelling more reliability.

5.3 Methodology and coupling approach

Figure 54 shows an expansion in the flow path of ESPby adding the two nodes

representing the core and the skin node of an occupant, as the metabolic heat

production happens in the core node heat flows to the skin layer. From the skin
node, all the heat flows to and from the environment is calculated after
considering the clothing insulation. The heat from the skin node exchange with
the air node through corvection, and to surrounding construction and radiative

heating/cooling through radiation.
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Figure 54: Two-node occupant representation in the energy flow path of BSP

Figure 55is a flow chartto summarizethe process of calculation within ESF.

1 For the corresponding zone it reads the input data from the operation file
which describe theoccupancy schedule and other internal loads.

1 In casewhen the dynamic clothing model is ative, the clothing insulation
value is calculated.
casual gains from occupants.

1 The two-nodes human thermal model uses the latest calculated zone
environmental parameters eg., air temperature, mean radiant
temperature and relative humidity.

9 It predicts skin and core temperature and the dissipated sensible and
latent heat.

1 After considering the number of occupant and age/gender, the final
calculated internal loads from the occpants is passed back to the energy
balance of zone in which the occupants are located

9 This process continues every time step of the simulation.
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Figure 55: Flow chart shows the integration of the twnode model in ESP.
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Note on time-step: the building simulation time-step can vary from one hour to
one-minute time-step, on the oher hand, the two-nodes model works on one
second timestep. By defining a smaller timestep for a building simulation can
provide more detailed information on how the environmental parameters change
within an hour, the environmental parameterswhich are inputs for the two-
nodes model reduces the impact of sudden environmental changes when
considering hourly simulation. Forexample,if the room temperature hastwo-
degree kelvin change in one hour, the twenode model reacts differently when
comparing a sudaen changeor a gradual of 0.5 [K] gery 15 minutes.Even though
the model input considers the hourly schedule (eg. Metabolic rate, number of
people) and hourly weather file data but it is still recommended to use smaller
time-steps. The reason behind the ffierent time-steps between the building
simulation and the two-nodes model is because the physiologgeems to behave
more accurately with onesecond timesteps since itcalculatesblood flow and

i OEAO PEUOEIITTcu PEATTI AT AGO AOAOU OAAI T,

In ESPRr there is a possibility to define an MRT sensor in a specific location inside
a zone. The MRT calculated from the sensor can be used and linked to the-two
node model. Where that helps in accounts for example to the effect of cold and
hot surfaces on the occupant. Bufor generalizing in the following simulation the

occupant (two-node model) was always set in the middlef the room.

- . -
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The two-node model implemented in ESPr has been validated with some

published experimental data.

To dothe simulation using the coupled two-node in ESRr a climatic chamber of

dimensions 3m width x 3m length x 2.7m highhas been set upAll walls set to be
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adiabatic and the room was controlled through a basic controller with a very high
heating cooling cgacity to ensure a fast temperature change. Time step used is 1
minute to ensure the required environmental conditions temperature and

relative humidity reached in no more than three minutes.

The first comparison is for a person sitting in a room of 27°@ir temperature and
55% relative humidity for 90 minutes, after that temperature changed to 20°C for
two hours figure 5.6 shows the perative temperature over the simulation time
The data has been extracted from the published work @everenset al. (2009).
In the experiment subjects wearing cloth of 0.19 clo metabolic rate of 1 met.
Figure 57 and 58 shows good agreement of the modéresults of skin and core
temperature with the experimental data.Error bars considered as +0.6°C for skin

temperature and £04°C core temperature sensor error.

The skin temperature, which is our interest, follows the experimental results with
some differences of 0.8C these degrees of error and differencesre considered
acceptableas the experimental skin temperature is aveighted average different
local skin temperature. Core temperature stayed within the acceptable range
near the 37°C, during thesecord phase of the simulation the core temperature
showed a very fast response that is due to théhermoregulatory thresholds
defined in our model in addition to the specific heat value considered in our

model.
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Figure 56: Operative temperature of the climat chamber with respect to time.
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Figure 58: validation of simulated core temperature vs. the experimental core
temperature published iSeverengt al., 2009)

The second comparison is with published experimental data of Hardy and
Stolwjik (1996). The experiment was done in a stepchange in the ermironment

temperature, starting from a relatively neutral condition moving to a hot
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environment of 37°C for two hours followed by one hour back to the initial

starting environment.

The experimentaland simulation setupis shown in table5.2 below.

Table 5.2 simulation setup based on the experimentHiafdy and Stolwijk, 199%

1 hour 2 hours 1 hour
Temperature 28.5 37.5 28.5
[°C]
Relative 40 33 41
humidity %

The comparison results are pesented infigures 5.9, and 510. Figure 59, shows
the skin temperature, in this casethe skin temperature showed a slightly slower
responsein the transition between the conditions, especially moving from the hot
environment to the neutral conditions, that is due to the sin blood flow rate
predicted. Although the environment temperature has dropped but the
vasodilation continues allowing more blood to circulate in the skin node. Figure
5.10, shows the core temperature comparison, where results demorsite an
acceptable agreement with the experimental results.The differences in all the
comparison cases can be due to the model input parameters sensitivity like
metabolic rate asa fixed number, the clothing value and the fact that the two
node model representsthe human body as one wholepart. Additionally, from the

published experiment side likethe experimental O A T Odccni@ay.
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Figure 59: comparison of skin temperature with the experiment@fardy and
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Figure 510: comparisonof core tempeature with the experiment o{Hardy and

Stolwijk, 1966).
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5.4 Model simulation results and discussion

In the following two subsections, applications of using the twaode model in
building simulation were presented. In the first nodel, a multi-zone office
buildin g is consideredwith anoccupancy capacity of 1 to 5 person and the second
is a single zone model represents a classroom with 30 person capacity both

simulation cases, a timestep of 15 min was selected for the building siulation.
vespl | DPAOEEDGH OEA DOAOET OO ADPDPOI AAE

All three approaches i.e. thescheduled sensible latent ratio, the polynomial
model described in chapter 4 and the twenode model,have been applied to a test
office (Figure 5.11) building. This comprises fou main zones: a reeption of 71

mZ2base area a general room of 77f&a conference room of 62rdand a manager

office of 13.5n?. Figure 511 shows the model geometry.

The construction data are shown in Table 8.and the occupancy schedule is

shown in Table 54.

For the occupantthermal model, clothing resistance is chosen to be 1 clo fafl

occupants
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Figure 511: model geometry in ESP

Table 53: Selected constructions used in the model

Construction U-value (W/m2K)
Ceiling 0.323

Floor 1.32

External wall 0.21

Double dazed window 2.243

Table 54: occupancy loads schedule for zone general

Time (hrs)  No. of Sensible/Latent Metabolic
occupants gain (W) rate (met)
00:00-07:00 O 0/0 0
07:00-08:00 1 100/60 1.54
08:00-09:00 3 300/180 1.54
09:00-12:.00 5 500/300 1.54
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12:00-14:00 3.25 325/195 1.54
14:00-17:00 5 500/300 1.54
17:00-00:00 O 0/0 0

The predictions of all three models were compared in a simulation of a typical

summer week using climate data for London, UK.

Results in Figures 5.2 (a) and (b) show the input sensible and latent load from
the occupants of the General room of the model as derived from the various
modelling approaches. The figures show that there are substtal differences
between the dynamic polynomial or twenode models andthe commonly used
fixed sensible latent ratio approach, with the sensible loadvas over-predicted
when using fixed values andhe latent load wasunder predicted in this particular

case.

Figures 5.2 (c) and (d) show the latent cooling load and the sensielcooling load,
when the air temperature of the general space is cooled to 26 and the RH
restricted to 50%. Both show appreciable differences between the fixed and
dynamic modelling approach, which could have an impact if the results were

being used to elect plantsize.
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In the following study, the two-node model occupancyapproachhas been applied
to a classroom. The classroom geometry is a general classroom waim length x
7m width and 2.8 m keight. The floor area is 56m?2 with windows area of 6.75 m2,
This type of classroom has a student capacity of 3udents (Niemeyer, 2003;
Daniels et al, 2017). Figure 5.8 shows the wireframe representation of the
classroam modelled in ESP. The weather data used in this simulation is the

default weather data of ESP of the city of Glasgow.
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Table 55 construdion characteristic d the classroom

Construction type U-Value
External wall 0.2
Internal walls 1.36
Ceiling 0.14
Floor 1.32
Windows (double glazed) 2.24

Figure 5.8 wireframe of the classroom modelled in E€P

Table 5.5 presents the constructio material thermal characteristic. To evaluate
the results of the classroom using the twamode-model occupancy approacha
comparison with the fixed sensible latent occupant loatlas been madeTable 56
present the schedule used in the simulation for a pical weekday occupanh
sensible/latent load. Table 57 presents the comparable inputs for the twenode

model. The values in table 5.6 were calculated based on ASAIRable presented
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in section 4.3.2 as Figure 4.3 where dataere chosen represent a persorseated

with ametabolic rate of 1 met (70 sensible 45 latent)

Table 56 Schedule with fixed occupant sensible/latent approach.

Time Sensible heat load [W] Latent [W]
00:00 to 08:00 0 0

08:00 to 12:00 2100 1350
12:00 to 13:00 700 450

13:00 to 17:00 2100 1350
17:00 to 24:00 0 0

Table 57 Schedule twenode model occupancy inputs.

Time Number of occupants Metabolic rate
00:00 to 08:00 0 0
08:00 to 12:00 15 men 15 women 1
12:00 to 13:00 5 men 5 women 1
13:00 to 17:00 15 men 15 women 1
17:00 to 24:00 0 0

A basic contoller has been defined to control the indoor temperature between
20 and 25 °C and relative humidity between 50 and 60%. The controller active
between 7:00 and 18:00. The ventilation rate used during the occupied hours is
considered 2 ACH air change per houof freshair. The model is set to use the
dynamic clothing approach which means clothing were dynamically calculated

based on the outdoor temperature and the indoor operative temperature.

Figure 514 shows the indoor resultant tempeiature and therelative humidity
from the two-node model simulation approachFigure 515 presents the outdoor

dry bulb temperature over the year and figure5.16 shows the values of the
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clothing insulation calculated and used during the simulation-orm figure 5.16 it
is clear how the clothing insulation value is dynamically calculated and used

where winter showed higher clothing insulation compared to summer.
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Figure 5.14: Resultant temperature and relative humidity prediction over a year.
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Temperature {C]

Figure 5.5: Outdoor dry bulbtemperature over a year
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Figure 5.5: Dynamic clothing insulation value prediction for the full year.

The simulation resultslooked into the cooling and heating loads in addition to the
dehumidification and the humidification demandover a year. The barchart in

figure 5.17 shows the simulated energy demandising both approactesthe fixed
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sensible latent ratio and the two nodesnodel. From the chartit canbe seen how
the differences in demand are between the two approads. Where the two-
nodes model slowed higher heating demand but much lower cooling demand
comparing to the fixed sensible latent ratio. In addition, the twanodes model
simulation showed higher dehumidification and lower humidification demand

compared to the fixed rato approach.
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Figure5.17: Comparisons of the different energy consumptions between the fixed
ratio and two-node model approach.

These results othe cooling load can beexplained by looking intoone-day results.
A random day in May has been selectedrigure 5.18 presents tle predicted
sensible and latent heat loads from occupants from the-2odes model and
compared to the fixed ratio approach. Fromhe results it can be seen that latent
load was much higherthan the fixed latent and consequently the sesible load
predicted was lower compared to fixed sensible loadWhich explain the reason
why the sensible cooling load was lower in the case of the dgmic 2-node model
simulation. The correspondent temperature and relative humidity of the selected
day arepresented in Figure5.19. FromFigure 5.19 we can see the influence of
sensible and latent heat load from occupant on temperature and relative

humidity, asthe latent load is higher the relative humidity was comparably higher
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in the 2-node model simulation case. Contrarily, he sensible lad was lower and

that reflected in the temperature results.
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Figure 5.18: sensible and latent heat load comparisonveetn 2node and fixed ratio
in one day of May.
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To evaluate the clothing effect on the total energy demand since clothing
insulation value affects the sensible and latent heating losses from the human
body. The samebuilding model has been seleted using the two-node model
approach but fixing the clothing insulation value to 0.7 [clo]The barcharts in
Figure 520 shows the differences in eergy demand of cooling, heating,
humidification and dehumidification over a year for both simulation dynanic and
fixed clothing. The graph shows how clothing can affect the energy demand
values and that is because during summer an occupant might be weariclgthing
of insulation 0.5 [clo] that mean higher sensible heat load from the human body
to the zone conpared to 0.7 [clo] cae, that lead to higher cooling demand.
Contrarily, during winter higher insulation will result in a lower sensible heat loss
from the occupant and consequently, lower heating demand. Also, more sweating
will be resultant in summer if higher clothing insulation is imposed, and that is

why the dehumidification value was higher in the case of fixed clothing.
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Figure 520: Comparisos of the different energy consumptions between the tnade
model with dynamic and fixed clothing insulemn.
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5.5 Conclusion

This chapter showed the importance of using a dynamic physiology model in
combination with building simulation. In order to size the cooling and heating
plants correctly it is very important to provide as realistic as possible the iternal
heat loads andin our case he occipant heat loads. The latent heat load from
occupant is another very important factorto simulate and size correctly a
dehumidifier if needed. The two-node model can predict the required occupant
heat loads,further, the model can predct the core and skin temperature of
occupant which are the main factors to study thermal comfort. The core and skin

temperature can be linked to any comfort model like the PMV method.

From above a twenode model is a good approach tpredict the internal heat load
from the occupant and to predict thermal comfort. The model canot predict the
local body thermal comfort, for that a detailed human thermal model is needed
Keeping in mind that a multi-segment human model will require higler detalil
input as a local environmental condition. For simplicity, one can assume the
uniform temperature, but to be more accurate and predict meaningful results a
detailed environmental condition for eachbody part is needed For that, a CFD
simulation can be a solution In the following chapter, adescription of the detailed
multi -segmented modehas been presentednd the use as integration in building

simulation and CFDis discussed in chapter?.
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Chapter 6: Multi -segment Human
Thermal Model

6.1 Chapter overview

Several simple transient human thermo-physiology models were developed
before the sixties for example (Machle et al., 1947Kerslake et al., 958;
Wyndham et al., 1968) Around 1970, more complex thermal models started to
appear, that was beause of the fast deviepment of digital computers. The
human thermal models were developed based on thermodynamics, mass
transport and physiology theories b predict the thermal behaviour of the body
or parts of it (Stolwijk, 1971; Rupp et al., 2015)

A detailed multi-segmentdescribes the human thermal system is adeately
detailed to provide valid thermal data from the different human body parts like
local skin temperature local heat losses and sweating ratds. this chapter, the
multi -segment physiologymodel has been desébed. All the equation related
to the passiveand active heat transfer is presented. The model has been
implemented in ESPr and made available opersource. The model
implemented is based on the work of Salloum et a{2007) and Karaki et al.
(2013) with some modifications to fit the purpose and linkage to the building
simulation like heat transfer coefficients The multi-segment model thermally
interacts with its surrounding space. The chapter is divided into multiple
sections describing the blood circulaion system, the energy balance equations

and the thermoregulatory system.
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6.2 The human thermal model : passive heat regulation

The Physiology model divides the human body into 25 body segments, Where
Salloum et al (2007) initially de veloped his model wih 15 body segments and
later development doneby Karaki et al (2013) including the ten fingers to the
same physiology model. It is constituted of the head (representing both head
and neck), upper and lower chesfrepresenting the trunk), and symmetrically
for left and right, it has the upper arm, lover arm, hand, five fingers in addition
to the thigh, leg and foot. Each segment can be represented as a cylindrical form
with a uniform temperature. All body parameters such as surface areanass
for each segmat can be found in table6.1. Each segment iglivided into four
nodes (Core, Artery, Vein, and Skin) representing thmncentric layers of each
body segmentin the model, Forearms and fingers has an additional node the
superficial vein. These nodes exchamheat between each other by convection,
conduction and perfusion figure 6.1 clarify the proceeding also in figure 6.2 the

body segment considered in the model is shown.

Perfusion through skin

Perfus sion thl bugh. skir to supercal vein
em

to superca

Core'Vein

CORE Layer

Core Vein

\CORE Layer,

SKIN Layer SKIN Layer \‘

Forearm Segment Cross section Fingcr chmcnt Cross section

Figure 6.1: thaepresentation of the nod@ the body segmentfigureis taken from
Rida et al. D14.
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Table 6.1: Body parameters masgea and fat thicknes¢Salloumet al,.2007).

Body segment Mass [kg] Area [m?] Fat thickness

[mm]
Upper Chest 16.1 0.40 19.12
Lower Chest 244 0.26 19.12
Head 5.0 0.14 8.5
Thigh x 2 5.5 0.15 10.64
Calfx 2 2.44 0.10 10.64
Foot x 2 1.01 0.058 11.7
Upper arm x 2 25 0.01 4,51
Forearm x 2 14 0.068 4.51
Palm x 2 0.36 0.023 7.4
Fingers x 10 0.036 0.0043 3.3

The body segments are connected through the blood vessels. In ehduy
segment a number of arteries and veins are passing through and connecting
other body segments representing a branch as described in the Avolios arteries
branch (Avolio, 1980). The origin of the blood starts with the aorta from the
heart located in the upper chestand erds in different locations as extremities

and figure 6.1 shows the Avolio blood tree distribution.

The detailed blood flow will be explained in subsection 6.3.3 later in this chapter.
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Figure 6.2: Théauman body representation with th&5 body segmuats.
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The metabolic heat production is an input to the modelo represent the
activity level of the human subject. The metabolic heat rate is expressed by
the unit of MET as described earlier. In the muksegmented model, the
basal metabolic rate is distributed over all the body segments, table 6.2
shows the values considered for each segment with a total of 83.4 [W].

Table 6.2: Basal metabolic rate for each body segm@dlloumet al.,2007).

body segments

Basalmetabolic [W]

Upper CHEST
Lower Chest
Head

Right/left THIGH

119
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Right/left Calf 0.91
Right/left Foot 0.27
Right/left Upper-Arm 1.24
Right/left Forearm 0.73
Right/left Palm 0.11
Fingers x 10 0.009

s oAs s AN N
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The calalation of heatdissipated by respiration inthe model is based on the
equation provided in ASHRAE(ASHRAE Fundamental, 2017)where the
respiration heat loss Qres is the sum of the Latent Eres and the sensible Cres

compartment.
0 6 O (6.1)

0 a 65 Y Y a Q0 0 (6.2)

Where, & Is the mass flow rate of air inhaled into the lung during the
respiration andit is calculated through:& O 0 v p8 ¢cpm LD

0 and M is the metabolic rate in W.

The specific heat capacity of air is given as follows: ; p T LUV QU
The exhaled air temperature is given byY o® nmy o0 Jo
Tamb is the ambient temperatured) is the ambient humidity ratio.

The heat of vaporization of water iSQ  ¢& & p m "3 "Qand the exhaled

humidity ratio is calculated 0 ]V g X xpdzp Y
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The convection heat transfer at the bdy surface areas can be categorised into
natural convection which is the process of air movement naturally at the
border of the outer layer of thebody, and it is driven by the thermally induced
buoyancy. The other form is the forced convection when air \@city is higher
than 1.5 [m/s], when air velocity is less than 1.5 [m/s] a combined of the mixed

convection mode should be considered.

In the model, adefault fixed value of the convective heat transfer coefficient for

each body part is considered in thecase of building simulation, where air

velocity inside a zonds assumed constant and uniformThat approach neglects

the effect of air velocity.In this research, wen using the model in CFjsee

Chapter 7) local air velocity is being updatedand linked with the heat transfer

coefficient calculation. The calculation othe local heat transfer coefficientss

AAAT OAET ¢ O1 OEA okélands Qublsied by D&k &&lI 1 6 0 A
(1997).

Values of local hc, used for the building occupant in buildirgimulation and CFD

are stated in table 6.3.

Table 6.3: convective heat transfer coefficient at each bedgmentiDeDear et al.

1997].
Body segnent hc in building hc in CFD
simulation hc=Bw[W/m2K]
[W/m2K]
B n

Upper CHEST 3.1 7.5 0.66
Lower CHEST 3.1 7.5 0.66
HEAD 3.6 3.2 0.97
Right THIGH 4.1 10.1 0.52
Left THIGH 4.1 10.1 0.52
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Right Calf 4.1 12.9 0.5
Left Calf 4.1 12.9 0.5
Right Foot 5.1 12 0.5
Left Foot 5.1 12 0.5
Right Upperarm 5.1 10 0.62
Left Upperarm 5.1 10 0.62
Right FOREARM 5.4 12.6 0.54
Left FOREARM 5.4 12.6 0.54
Right Palm 7.0 14.4 0.56
Left Palm 7.0 14.4 0.56
Fingers x 10 7.0 14.4 0.56

The evaporative heat transfercoefficient is given by the Lewis relation and it is

calculated by the equatiorhe=LRZ hcwhere LR is the Lewis ratio and is equal to

16.5.

The radiative heat transfer coefficient hr is considered as the linear radiation
heat transfer coefficient whichis calculated from the equation taken from the
ASHRAHandbook of fundamental(2017).

i 1-,070 ¢x®& O O T wTd n Qo (6.3)

Where ris the average body surface emissivity assumed to be equa®s, A is
the StefanBoltzmann constant, 5.67 108 W/m 2 per K; Abis the DuBois body
surface area (m2) andAris the effective radiation area of the human body (/)

tskis the skin body surface temperature {C)
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6.3 The active human thermal model : active heat regulat ion
@8 B8EPEOAOCET ¢ 11T AAI

The mathematical model describing the shivering metabolic rate used in the
AUB model (Salloum, 2005) which is based on the experimental dataThe
model is representedas a set of correlations to predict the shiering metabolic
rate. The model is described as follows, As soon as the skin temperature falls
below the thermal neutrality the first body response will be the
vasoconstriction by decreasing blood flows to the skin to reduce the heat losses
when that is insufficient and if core temperature keeps decreasing the
shivering phenomena starts to generate more heat. The higher setpoint
temperature is the 37.1°C core temperature where, above this temperatureo
shivering will occur, and the lower set point is 33 °C where shiverirg will
always occur. In between these two valueshe threshold is being calculated
and it decreases linearly based on the core temperature. Equation 6.4 showing

the shivering threshold calculation.

Table 6.4: body segment shivering whiing factor (Salloum, 2005)

Body segments Shivering

Upper CHEST 0.515
Lower CHEST 0.3875

HEAD 0.0775
THIGH x 2 0.0039
CALF x 2 0.0017
FOOT x 2 0.0004

UPPERARM x 2 0.0024
FOREARM x 2 0.0014
PALM x 2 0.0001
Fingers x 10 0.00002
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o® 3 "QEITY o3
P8TC C P T UL XYY X80T 0M Q¢ ioca@s Y o®3
(6.4)

The total shivering rate is calculated in [Joules/hour] and it is given by the

following equation 6.5.

Tt
0 0 5 p ———  QEiTTMY YooY
(6.5)

The maximum shivering rate can be attained at mean skin temperature around
20°Cand is calculated by the equation & in unit Watts according to the core
temperature.

o PPUYUOEPT @@ugpmY wBtTpyp Y
v R Q€ |
CQOTT

Y o®s
(6.6)

All local shivering rates are calculated by multiplying the totashivering rate by
the shivering weighting factor provided in table 6.4.

P8 a3AAOET ¢ 11T AAI

When the core temperature rises, the thermoregulatory system activates the
first response which is the vasodilation if it is insufficient the sweating
response tales place. The sweating system is modelled as when the core
temperature reaches a threshold, it gets activated and gradually increase the
sweat with respect to the increase of body temperature until the swearing
reaches its maximum limit. This can be resunteas whenthe core temperature

is below the threshold no sweating will occur and once the core temperature

exceeds the threshold the body stag to sweat. In addition, the skin
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temperature will have an impact on the sweating model by modifying the

sweating threshold temperature. The sweating threshold temperature is

varying between 36.85C, below this value no sweating will occur and 37.2C

above this core temperature sweating will always occur regardless of the skin

temperature value. The sweating threshlal temperature (eq. 6.7a)correlation

and the sweating rate(eq. 6.7b)equation are taken from Salloun{2005) which

are based on the work oBezinger(Salloum, 2005)equation 6.7.

o~ TaYTm™ULVYPsY Qe i Y
o v 3 QELY
T (of: NI Y

& @ X Qe Y

CQTT

o 8B
o @3

(6.79)
y

(6.7b)

The sweating value msweat is calculated in [granis] and it can reach

0.193[g/s] as the highest value of the sweat rate. The sweating is distributed

over the whole body by multiplying the sweat rate by a weighting factor for

each body part values stated in table 6.5.

Table 6.5: body segment sweating ighting factor.

Body segment Sweat factor
Upper CHEST 0.275
Lower CHEST 0.206
HEAD 0.081
THIGH x 2 0.0645
CALF x 2 0.0445
FOOT x 2 0.0175
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UPPERARM x 2 0.0444

FOREARM x 2 0.0326
PALM x 2 0.00775
Fingers x 10 0.00155

p8adddl A £ 1T x OUOOAI

The heat transfer is significantly influenced by the rate of blood perfusion.
Contrary, to what was described in the twenode modelChapter 5 section 5.2.1
the blood flow is not distributed uniformly in all the body segments. That
assumption was taken intoconsideration in the multisegmented physiology
model.

Karaki et al, (2013) modified the arterial branch tree of Salloumet al., (2007)
to include the palm and five fingers instead of one block for the hand. Where in
multiple studies fingers showed signifcant importance in the
thermoregulation of the human body(Karaki et al., 2013; Rida et al., 2014 a;
Salloum, 2005)

The input impedance for each of the 138 arteries is calculated using the Avolio
method (Avolio, 1980). Each arterial branch velocity is daulated recursively
starting from the aorta using an input/output artery velocity ratio based on
impedance. The input waveform of heartbeat with a Fourier series expansion
describes the instantaneous periodic velocity of the aorta, with its meawas
taken asthe average blood velocity out of the heart. Figure 6.3 shathe blood
circulatory system representation where the numbers represent the artery
index from 1 to 138.The detailed blood flow calculation within the human
physiology model showed improvemat in the prediction of skin and core
temperatures (Karaki et al. 2013, Kobayashi and Tanabi, 2013). This detailed
blood flow calculation is not only useful for improving the prediction of skin

temperature and consequently thermal comfort, but it can be also aseful
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application in medical research. An exampl@f such an application can be

predicting blood flow at the extremities inoperation rooms.

lymas
105 135 13 137

132131 100

110

112
11

114 13

18

i, o\l 19

122 121
126 125

Figure 6.3: The modified Avolio tree as presentedHaraki et al,2013).

6.3.3.1Input Impedance

The following are some assumptiors in the blood circulatory model like:

1.The flow is incompressible.
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2.The blood behaves as a Newtonian fluid.
3.The blood viscosity is constant.
4.The flow is laminar and fully developed.

5.The flow is axisymmetric.

After taking all the necesary assumption, for a given artery the Naviestokes

equation is 6.8,

(6.8)

Where mis the density of bloodju is its dynamic viscosityw is the blood velocity
in the z-direction, P is the blood pressure.The pressure is pulsatile with an

unknown amplitude A and a frequency defined by,

1o .,
—., 00
T a
(6.9)
The angular frequencyd is given by
Mot @0 Q
1 C o
(6.10)
The analytical general solution othis equationthen is:
" oY 0 0] & 0
Q 010
(6.11)
YT T (6.12)
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Where R is the radius of the artery,ods a zercorder Bessel function of the first

kind, y=r/R, and alpha is the Womersley number.

Integrating from r=0 to R, the mean axial velocitys obtained as

0 —p OQ (6.13)

0 —7 (6.14)

Here the flow and solution are still dependent on an unknown presire
amplitude A.

To get rid of Athe longitudinal impedance is derived as

) (6.15)

Z.can now be foundwit h all the parameters known, independent of A.

The characteristic impedance is found and corrected fawall elasticity A [92].

@ y p O T AT Qi K
(6.16)
Q . T T R e s
[ =—p O p , AlXJc Qi Ok
(6.17)
. 00
W oy
(6.18)
n np Q
(6.19)
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wher e kg 2,degand U

Throughequation 6.20 e wavereflection is evaluated at the level of each branch

(6.20)

Wher Zr is the sum of all previous impedances starting from the terminal backwards
(at terminal arteries, #£0.8) summed in parallel is there is bifurcation or summed

directly if all the arteries are in series. The input impedance is then expressed as,

(6.20)

At the terminals, r assumeal = 0.8. However, since additional branches at the
hands would increase the impedancs, is taken 0.975 at the fingers to counter

this increase.

6.3.3.2Blood flow circulation

Once theimpedance in all the arteries is calculated, the blood flow is calculated
starting from the ascending aorta. The periodic cardiac ejection waveform is
expanded into a Fourier series. The flow ratio is the ratio of the mean axial
velocity 5 at the outlet ofan artery to mean axial velocity at its inlet(Salloum,

2005). This ratio isa complex number defined by,

(6.22)

This ratio is multiplied by the Fourier expansion, and thus the velocity v(t) is
found. The flow ratio in each consecutive artery is found by multiplying the
preceding flow ratios of the previous arteries all the way to the ascending aorta

(artery index 1). Therefore, when this flow ratio is multiplied by the Fourier
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expansion, the velociy of the flow with time can be found in each artery. The
blood velocity in the vein, unlike the arery, is steady rather than periodic and

is taken as the mean velocity of the blood in the corresponding artery.

6.3.3.3 Blood flow regulation

6.3.3.3.XCardiac output
The ardiac output does not remain constant at different core body temperatures
(Smith, 1991). The cardiac output model (Fu1995) only changed within a
narrow margin of core temperatures before and after which it plateaaed. This
was adjusted toacaunt for the variability observed experimentally (Smith1991)
where the cardiac output changesfithe core temperature decreases or increases

beyond this margin.

The constricted cardiac output is found by eq 6.23,

o 00 CWOTTTT Y o

Yo YO OPpPE COMTTCIY M .

Nl T& & ¢XxmnnnY pROEY o&

v 00 ¢ X T Yo OpK
(6.23)

The dilated cardiac output is found by,

0 0 TCYXUL®RAY 1p
unmmmnnnmnrnni.,:"aﬁ Y T

"H 0 Y OoR Z

TpOoR
Moty O@ZTC)EYL%M%%HWIE@HW@F@@ Y oR
Vi 00 CwummBnAaIdY o@

(6.24)
The total cardiac output is finally determined by,

00 00 00 T¢ wm 18It 1M
(6.28)

131



Multi -segment model integration with ESH

The cardiac output calculated ugithis model isised to find the cardiac index

6.3.3.3.2/asaconstriction and vasedilation
The radius of the arteries in the limbs and neck change in correspondence with
the change in cardiac output(Smith, 1993), dilating with higher core
temperatures and constricting with lower ones. This change becomes
Ei T OOAT O ET 11T AAITTETC OEOOAOQOEIT O xEAOA
significantly, and thus should be accounted for. The previous modgalloum,
2005) which used constant artery radii, which mposed constantblood into
each body segment no matter the conditions, was unable to simulate certain
situations where the body temperature changed enough to cause a significant
increase in skin perfusion such that is exceeded the maximum possible blood
flow into the body segment. For this reason, a model was introduced to
simulate the dilation and constriction of the arteries in the neck, upper arms,

forearms, palms, fingers, thighs, calves, and feet based on the cardiac output.

' Y Yy 200 gxmUmmT
Y Y i
TCXUTRIX MMM

(6.29)

Rais the radius of the artery, Rminis the maximum constricted radius of the
artery, and Rymaxis the maximum dilated radius of the artery. The impégance

and blood flow calculatiors were then repeated at eachime step in the model.

6.3.3.4  Skin blood perfusion

The skin perfusion is calculated using the method outlined i§Salloum, 2005)

The mass blood flow rate in the skin is described by,

a a
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(6.30)
a
- a QET1Y o@s
Y 0@0( a a MQET@3 Y ORS3
SR o ® R
N a QEi Y OoR 3
Vi
(6.32)
a
a QETY p & 3
Y K , , .
— a a Q¢ 3 Y o 3
-0 & P K , P &
N a Q1 Y o& 3
Vi
(6.32)

Basal, maximum, and minimum skin blood flow rates are calculated from Fu

(1995) based on the volumetric cardiac output blood flow.

6.3.3.5AVA modelling

In the peripheral body segments (forearms, palms, fingers, calves, and feet),
someveinsrun close to he skin, whichis called the superficial veins, as well as
direct connections or shunts between the arteries andeinsthese veins known
as arteriovenous anastomoses or AVA. This physiological phenomensmost
likely to be seen ina very hot and very cod environment. The thermo
physiological reaction to a cold environment is to preserve the body from
losing heat and in a hot environment it increases heat loss from the body. In
the limbs, the heat loss is increased because of the A\blood flows in the
superficial veins. But in the cold environmentthe body reduces heat losses and
that due to the vasoconstriction of arteries and the closure of AVArens et al,
2006; Daanen1991; Takemori,1995). Although this thesesoncerns abotu the
indoor building occupant vhere the thermal environmental conditions are
usually neutral. Including the AVA in the multi-segmented modelallows it to

be used either for indooror outdoor simulations.
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The AVA model was developed bfrakemori et al, 1996). The skinblood flow

which includes both the skin perfusion and the AVA blood flows calculatedby,

WRp WrE O0OwWO (6.33)

where VbiskmaxiS the maximum skin blaood flow rate [ml/min], and AVA is a
AT AEAZEAEAT O &£O0iTi m OI p OEAO AAPAT AO

(6.34)

Viimb is the volume of the limb (hand, foot, lower arm, etc.) in cfpand fskin,avdS the
maximum skin blood flow in limb in [ml/min] per 100ml tissue, and is usually 30

[mI/min] in 100[ml] tissue.

The AVA coefficient to core and skin temperature relationship is,

for the hands

Owo ™M@ eOY o1 TBOULSE @ TPGQ
(6.3)

for the feet

Owo TP UVY @ TRLE OoX TP O
(6.36)

if AVA O1 AVA=1

if AVA OO0 AVA=0
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Skin Layer

Superficial Vein «+———

Blood from artery to A / / Perfusion through skin
/

superficial vein by AVA superficial vein

/
Perfusion through the
core to the vein

Core Layer

Artery ———»

Core Vein -

Figure 6.4: Flow of blood through a peripheral body segméfaraki et al., 2013)

6.3.3.6 Blood flow in the body segments

Blood comes in through the artery to the body segmenthe blood returning
through core vein isassumed to behe combination of blood from the previous
vein and the blood coming in through perfusion from the core. In terminal body
segments where there g superficial veins, the blood returning through the
superficial vein is the blood from the previous superficial vein and from the
artery by blood perfusion through the skin and also through direct connection

with the AVA.

The body segments which contaithe superficial vein node are:

# All 10 digits of the hand
EPalms
¢ Forearms

The flow in the veins in these peripheral body segments are calculated as

follows,

1.The total perfusion is found in a segment by subtracting the mean inlet

and the outlet blood flow rate in the arteries.
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AVA model is used to find the total blood flow to the skin layer which

includes skin perfusion and blood through the AVA.

3.Core perfusion is calculated by subtractig the total skin perfusion,

including AVA from the total perfusion.

4.The flow in the regular core vein and the superficial vein are defined

respectively

as,

(6.37)

(6.38)

5.Blood flow of the previous vein (both core and superficial) for the terminal

body segments (fingers and feet), and is considered zero.

6.4 Heat transfer model (Energy Balance Eqg uations)

p8wdpo 11T AA

Using lumped capacitance, there are five nodes for the energy balance in each

segment. The nodes are: core, skin, artery, core vein, superficial vein.

QY . : - -

0 — 0 0 w |V 0 0 0 Y Y
Qo h

(6.39)

Ceris the thermal capacitance for each body segmentc-Mind Mshivare the basal

and segmental thermoregulatory shivering metabolic rate respectivgl W is
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the mechanical work done by the body, is a coefficient which is 1 for the chest
and zero for all other body parts, and ¢ is the heat dissipated through
respiration. Qr-sk is the heat exchange between the core and skin through
contact resistarce. Qer msk = K (Ter M Tsk) hartery @nd hvein are the convection

coefficients of the blood in the artery and core vein respectively.

Aartery and Avein are the crosssectional area of the artery and core vein
respectively. To,aand Toivare the temperatues of the blood in the artery and
core vein respectively.mpericris the blood perfusion in the core only (i.e. total

perfusion skin perfusion) aiis the specificheat constant of blood.
@8138&cET 11 AA

Despite the assumption of lumped capacitance, theris a difference between
the temperature of the skin at the surface exposed to the surroundings and the
temperature which is in the middle of the skin node. For thiseason, and to
increase accuracy in the skin temperatures calculated the following corrgon

to find the surface skin temperatureis used

Yi o oc4 Y
(6.40)

<
l

O — UL L 0
Qo

(6.41)

Gk is the skin thermal capacitance for each body segment. sMis the
metabolic rate in the skin hiis the external convection heat transfer coefficient
between the skin and the atmosphere fis the radiation transfer coefficient h
is the evaporation coefficient deducted rom hc by Lewis formula. Tsuris the
surroundings radiant temperature, Pambis the ambient vapaur pressure Rkis

the skin vapaur pressure Q j is the convection hea transfer coefficient of
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blood in the superficial veind  j is the crosssectional area of the superficial

vein a i IS the blood perfusion in the skin layer

p8T80OAOU T 1T AA
0 i h B 0 0 Yio Y a @ "Y; “Yh
(6.42)
a is the blood flow rate through the artéixg, is the temperate of the blood
in the adjacent artery of the previous body segment
p8Tt8AET T 1 AA
5 Q Yy Y D Y Y
0O p 00 0 f a w P
4 [0 Y Y
(6.43)
a is the blood flow rate through the veiiYy is the temperature of the blood
in the adjacent core vein of the previous body segment
0838 AOEAEAEAT OAET 11 AA
r 2 Yhh Q w6 R Yir Y T Y
O hh 90 hO A Yhn o rW h h
a EoY Yh G o "Yp Y;
(6.44)

a i is the blood perfusion in the skin layer without AVA.
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&  is the blood flow due to AVA, i.e. skin blood perfusion calculdigd akemori

minusa o
6.5 Code structure and algorithm

The multi-segment humn thermal model washplementedwvith ESRr. All the data
required for the model like body parameters, all sweating shivering and blood
coefficients were stored in athbase file. The model needs inputs defined by the user
like the metabolic rate and tkiothing insulation level. Clothing ensemble predefined

in the model aslatabasgare either summer or winter clothidgstribution with total
values of 0.5 and 0.9 clo respectively

Building simulation Multi-segment model

e QOverall sensible and
User + Dry-bulb
latent heat losses
*  Presence (Schedule) temperature
:> *| Local and mean skin
temperature
*| Core temperature

|
Y

Further occupant
thermal state analysis

* Metabolicrate :> * Mean radiant
* Clothing temperature
* Relative humidity

Figure 6.5 Data exchange between building simulation and the migktignent model

The environmental parameters requiredpaesedrom the ESH building simulation

or from the integrate@SRr CFD calculationwhich will be described in Chapter 7.
Figure 6.5 presestthe data exchange between the building simulation and the
multisegmented modeAir dry bulb temperature, mean radiant temperature (in the
middle of the room, unless a sensmdtion is defined /place tiieoccupant in CFD

simulations) relative humidity are passed every time step.

For the stability of the madi especially for accurate blood flow calculation the rulti
segmented physiology model run on a smaller time step a@ugo the building
simulation time step. The physiology model runs on the same environmental

parameters for the period of the buildsagiulation time step. For exampletlifetime

139



Multi -segment model integration with ESH
step in building simulation is set to 15 minutes, the physiology moilelun for a
duration of 15 minutes on the same environmental condifioa smaller timestepin
the physiology models required for a accurate blood flow calculatiosince it is
based on the cardiamtputs. This has seen to be computational time urnag
especially when assessing yearly simulation. As an example, the time required for a
one yearsimulation has been increased aroufeQ times compared to a simulation
without calling the physiology model.

Figure 6.5 is a flow chart summarizing tlogical steps of the mathematical model
and all the inputs. The model has two loops every time the subroutine is called, the
first loop isover the body segments and the second one is over the simulation phase
time which is same as the building simulationd step. After the model finished the
calculation the final nodes temperatgrare stored to be used in the next time the
subroutine igalled.Later the predicted skin and core temperataegsbe linked to a
detailed thermal sensation and comfort asiglysuch as Zhang (2003) model to

describe the occupant thermal perception.

The model is written in Fortran languagkhough it is fullymerged with ESP, the
model can be easily transferred and used in different building simulation tools.
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6.6 Conclusion

The main equatiors used in the multrsegmented human themo-physiology was
presentedin this chapter. The model is very detailed, it segments the body into

25 segments and it accounts fom detailed calculation of the blood flow. The

model subroutine is already submitted tothe final release of ESR. the modelis

linked to the building simulation similar to the two-node human thermal model,

the multi-segmented model givesa detailed projection of how local comfort is

likely to be to a certain thermal environment. To that exent, the environmental

parameters around the humanbody should besetto beat an equal level of details

and information exchange. For that reason, in the following chaptethe linking

and the use of the multisegmented model with ES®O8 O ET OACOAOAA

calculationis presented
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Chapter 7: Multi -segmented Model
Integrated with CFD

7.1 Chapter overview

As previously discussed, using the welinixed air node temperaturepredicted in
ESPOG O OEIi O1 AOI O x E OE(HeAskn 190E)OvEl & xultit AOx T OF
segmented physiology modetoes not give he full functionality of the detailed
human thermo-physiology model Even though it can provide more déail about

each segment of the human body.

The nodal network approach has some limitations with regards to indoor thermal
comfort and air quality. Sin@ it neglects the momentum effect, the air movement
within a space cannot be studied. With such lowesolution, local surface heat
transfer is usually accounted for by empiricallyderived coefficients. Further,
assigning the local environment foreachbody parts is not possible as there is

only asingle air temperature.

The integrated computational fluid dynamics (CFD) solver within ESR can give
detailed information about the local environment inside a zongand consequently
around the human body. The CFDtool calculates the intrazone airflow,
convective heat transfers and temperature variationwhilst ESRO8 O AQOEIT AEIT
plant solver (BPS) computes surface temperatures, radiant exchanges, &igure

7.1 a schematic of the integration and the information pesed from each model.
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ESP-r Latentand Average air
radiation heat BPS temperature
loads

Mean radiant Wall
temperature temperatures
and relative
humidity
Thermo- I
physiology ' | CFD
model i ‘

Local air Local

temp.erature_s convective

and air velocity heat fluxes at

the boundary

Figure 71: BPSmultisegmentedCFD representation and data passed.

This chapter describes the method of integrating the detailed multi-segmented
model described in chapter 6withthe ESRO6 O " 03 AT A EOO ET OACO,

The capability of the integration of the detailed occupant model is demonstrated

using examples ohatural and displacement ventilation.

7.2 Methodology

X 8 c#H®p$ ED %30

CFD has been widely and effectively applied in the prediction of room air motion.
It usually demands high computational requirements, which has generally
restricted simulations to single rooms and domains within buildings. The
boundary conditions supplied by the user play a major rolein the accuracy of
prediction results in a simulation. Wih the advances of computational power

these issues started to end gradually.

Negrao (1995) integrated a CFD code into ESPby using the handshaking (a

term in ESPr describe the method of data exchange between the two solvers

144



multi -segmented modeintegration with ESRO 8 O déimkifs
energy simulation and CFPwhich allows the two modelling domains to interact
on a timestep basis.That approach in ESR eliminates the requirement of
explicitly define the boundary conditions as the boundary conditions are
determined dynamically by the building thermal simulaton. The approach was
expanded by BeausoleitMorrison (2000), who implemented the adaptive
conflation controller (ACC). The controller automated the process of passing the
boundary conditions from the building simulation to the CFD on a timstep basis
and sending back the resultant heat flux to building simulationThe handshaking
i AAEAT EOI AAT AAARAZEDADAADABDEA MAR

mechanism is appopriate when the objective of the study is to predict the flow

O
-x-)
]

and temperature field within the room, visualising the flow inside the room,
evaluating thermal comfort of the occupant or studying the dispersion of
contaminants. In addition to the tasksperformed with the one-way mechanism,
the two-way mechanism can enhance the thermal simui@an by providing
surface convection estimates for the thermal domain BeausoleitMorrison,
2002).

The combined building simulation/ CFD simulation develops a clear gdiction
and detailed temperature and airflow distribution within a defined zone of a
building. The outcomes of suclntegrated simulations are normally used to show

a detailed flow visualisation, to study pollutant spreading, fodetailed thermal
comfort assessmentsor to improve ventilation systems by looking at the heat
transfer within the internal building surfaces.

ESPOG O #&$ 11 AAT OEAOAO 1 OGAE ET ATITIT1T xEC
used for modelling room airflow. Flow inside a room is charactized by a set of
time-averaged conservation equations for the threelimensional velocities (U,V,
W), temperature and concentration. It contains seven coupled partial differential
equations. The velocity distribution of the room flow is obtained from thehree
momentum equations conforming to the three spatial axes. It uses the SIMPLEC
(SemiImplicit Method for Pressure Linked Equations) pressur&orrection
solution approach. It is finitevolume based and employs a thregimensional,

Cartesian grid. The tubulent diffusion of heat and momentum is estimated with
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OEA xEAAI U A Db Iimedeliwhie Odiawivaliduhctidhs dre used to
account for viscous effects in the neawall regions (BeausoleitMorrison 2000;
Clarke 2001; Clarke et al. 2011)To model the complex motion some advanced
techniques with various level of complexity and computational capacity have
been developed. Methods like the direct numerical simulation and the large
eddy-simulation, attempt to model with little or no assumptions the details of the
turbulent fluctuations. But that requires finer grids, and it increases the

computational costs dramatically (Blocken et al., 2010).

The CFDsolverin ESRr can be defined to beindertaken at every time step where
the boundary conditions ae updated dynamically. An advantage of this
simulation technique in ESP has been takento link the detailed human
physiology model.The reason behind the selection of the CFD solver in EER
implement the detailed human thermal model was because th€éFD solver with
ESPr provides dynamic boundary conditions, it is tested and validated, also it is

acceptable in solving most indoor simulation problems.

X8QdCOACOAOEKIACIH AT-O01/ QAOPAT GO -1 AAI

A flow domain in CFD is the volume in hich the flow takes place. The walls of a

room define the boundaries of the CFD domain.

Defining a blockage in ESIPis a way to represent an objecthat blocks the airflow
inside the domain. In addition,in ESRr, blockagesin a CFD domaircan have heat
fluxes defined atits boundaries, that can represent an object with a source of heat
like a computer, machine or even an occupanthe convective heat fluxes are

fixed values defined by the user

For the approach described in this chapter, the blockages méhod has been
adapted to represent the human body physically inside the CFD domain
Alongside the conflation method the boundary conditions around the human

body representation surfaces aralynamically updated. The two moded CFD and
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Human physiology communicate every time step and exchange datdhe human
physiology model receives from the CFD solver theaverage air temperature and
velocity around each block (body part)Jand update the convective heat fluxes at
the boundariesof blockagesn the CFD domainFigure 7.1 shows the data passed

between the three
x8x!8 - AOET A T £ ET OACOAOET ¢ OEA
I TAKEOE #&$

As described in chapter 6the multi-segmented model can run with BPS by having
a uniform dry bulb and radiant temperature aroundthe human body (around the
25 segmens). First the number of occupants in addition to their metabolic rates
and clothing level needs to be defined in the specifiezbne scheduldile, BPS cad
the multi-segmented occupant rodel by sending the environmenal parameters
dry bulb temperature radiant temperature and relative humidity considering air
velocity constant and equal to 0.1 [m/s] in orderto get an updated convective

radiative and latent heat loads from the occupant.

As it has beendescribed beforea multisegmented occupant model can be more
suitable with a CFD simulatioraiming to increase the resolution othe simulation.

Where a CFD solution provides details as

The occupant geometryneeds to be definedn the domain, for simplicity the 25-
body segment in the physiology modelhas been simplified andgrouped into six
body parts in the CFD domainWe found that applying this simplification is

acceptable since it accourstfor the environmental distribution.

The boundary conditions at the occupant tody surfaces are linked to the heat
fluxes calculated from the multtisegment dynamicmodel. Every block defined as
a human body part the average air temperature and air velocity around it is beg

calculated from the adjacent norblockage cells. Figure 7.2 schematic of a block

in the CFD domain and the considered surrounding cells.
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Figure 7.2 Average local temperature and air velocity calculation.
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The dynamic human thermal model is being run with the building simulation bps
where the environmental conditions are the room welmixed air temperature,
mean radiant temperature and elative humidity. Those results considered as

initializat ion boundary conditions at the first CFD simulation iteration.

When CFD start for the first time step the human body boundary conditions are
taken from the previous time step, once the CFD reachaonverged solutionan
average temperature around eachbody part is passed back to each
corresponding body part in the human thermal model.The average local
temperature and air velocity were calculated, seefigure 7.2 Where for every
block representing a body part the temperatures and velocities of the imméate
cells around it are averagedFor the rest of the CFD modelheat fluxes are
updated each time step considering the variation in temperature near each body

part.

When specifying a reasonable small timstep, this approach is acceptable in
indoor conditions where it is very rare to have a sudden change in room
temperature in such case there will be a short delay in assigning the real

boundary conditions from the baly.

Sucha linking technique allows to model multiple occupans inside a domain

eachwith different body mass, body surface area, clothing arattivity level.
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x 8¢'d AU PAOOO OAPOAOAT OAOEIT EI #&
As previously explained the blockage in a CFD domairao be used to represent
the human body. Althoughthe cuboid shape has limitation particulaly when
studying the flow in detailed level around the skin as near the face and very close
to the skin, but based onthe literature it is considered acceptableespecially for

airflow calculations inside a CFDdomain [Villi et al. 2014; Zelenskyet al. 20L3].

As previously mentioned, he 25-body segmentphysiology model presented in
chapter 6 has been grouped into six groups. Each group was represented in a

cuboid block inside the CFD domain. the body parts were grouped as follow:

# head: represent the headody segment.

E chest: represent the upper and lower chest body segments.

E left arm: represent the left upper and lower arm, palm and the 5 fingers.
Z right arm: represent the right upper and lower arm, palm and the 5
fingers.

£ left leg: represent the left thigh cdf and foot.

E right leg: represent the right thigh, calf and foot.

The area of the defined blockages need to be in consistence with the human
body suface area defined in the physiology modeith a total of around 1.8m2.
That requires a discreet canplex grid structure at the location of the human

inside the domain.

Figure 73 describesthe grouped body part representation in the CFD domaiand
shows the parameters passed from each solver. The averaged environmental
parameters calculated around edt body segment is passed and considered the

same for all the body segments in the corresponding group.
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Figure 73: the cuboid human body in CFD
X 858D AAOET ¢ AT O1 AAoOU AT T AEOEITO AO

Figure 71 presented earlier shows the parameters jassel between the three
solvers building simulation- physiology modetCFD From the CFD simulation six
averaged air temperatures and air velocity around the represented human
surfaces are passed to the physiology model, the multisegmented human thermal
model receives the mean radiant and relative humidity from BPS. The convecev
heat fluxes calculated from the multisegmented model are distributed around the

blockages.

Figure 7.3 shows the flow chart of the integrated multsegment model within

ESPr. Theflow of the model can be described as follow:

1 Starting from thefile that holds information about the occupant schedules
and internal load description, the model check whether there are
occupants in the room or not. It also checks if the dynamic occupaist
adivated by sending the corresponding flag.

1 The multisegmented models being called at each time step if the occupant
number is greater than zero, just before accounting for the internal loads

in the energy balance equation in the energy simulatiom BPS
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All the current required environmental parameters sent to the
multisegmented human model in order to get the heat fluxes.
The multi-segmented model reads the body data from the database (body
segments mass, area, basal metabolic and blood fl@ic.) which currently
correspond to an average adult aged person. The metalr rate and
clothing insulation level are updated every time step (hour/ subhour)
from the operation file.
Another flag is set for the CFD simulation, if the human is physically
defined in the CFD domain, the multisegmented model receis¢he local
environmental conditions from the CFD solution, if not, it takes the
environmental parameters from the building simulation as well mixed air
for all body parts.
Results from the multisegnmented model later considered as internal
loads from occupant for the mxt step or updating convective heat flux
around the blockages in the CFD domain.
The radiation heat exchange is considered in the energy building
simulation part between the humanandthe surrounding surfaces. In ESP
r the mean radiant temperature MRT ca be calculated from a defined
MRT sensor by defining a location inside the room, but to generalize, the
human was always defined in the middle of the room. The latent heat load
is dways linked to the building simulation unless a source of

(contamination) vapour is defined in the CFD domain.
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