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ABSTRACT

This thesis is an experimental-numerical study for the thermal comfort
assessment of radiant heating system for different heating configuration such as from a
wall, ceiling and combination of both that is installed in a test room with dimensions of
4m x 4m x 3m. Comfort evaluation was done by using the PMV (The Predicted Mean
Vote) - PPD (Predicted Percentage of Dissatisfaction) index developed by Fanger [1].
In addition, for each heating scenario, human body exergy balance was calculated and
the effect of exergy consumption rate on thermal comfort was evaluated.

The data generated during the tests are used in numerical model for the validation
of it. Numerical model is used to investigate the air temperature distribution, velocity
fields for different cases. Three different heating configurations were evaluated in
numerical model as same as experimental study. Wall heating, ceiling heating wall and
ceiling heating scenarios were explored in terms of PMV thermal comfort index and
human body exergy balance approach.

All the numerical analysis studies were conducted using the Academic version
of ANSYS 17.1, which is a commercial package program for numerical modelling. It
contains special modules for different stages of the modelling process. After the three-
dimensional room geometry was created in the Design Modeler module, the meshing
module was subjected to decomposition using the finite volume method. Numerical
solutions were made in Fluent, a widely used computational fluid dynamics module.
The temperature and velocity fields were visually inspected using CFD-Post software
as the final processor program. The natural convection was modelled using the
Boussinesq approach, and the standard k-¢ model which is a common numerical solution

was picked to model turbulence. A Discrete Ordinates model with no scattering was



used for radiative heat transfer. Numerical solution results were compared with different
mesh numbers and mesh independence was observed.

Radiant panels have been investigated to provide and maintain thermal comfort
at different surface set temperatures. In the given set values, temperature distribution in
the vertical and horizontal direction, mean radiant temperature and air velocity values
in the room were examined. It has been observed that the exergy consumption values in
the radiant heating system are close to the lowest values stated in the literature. Also,
the temperature distribution in the room is considerably lower than all conventional
systems. This demonstrates that radiant systems using low quality energy sources
provide efficient, environmentally-friendly comfort solutions. It should be stated that it
is a preliminary study for the location-based heating technologies and this method can
be an innovative solution for heating / cooling industry. Therefore, it can be further

evaluated in future research studies.



OZETCE

Bu tez c¢alismasinda boyutlar1 4m x 4m x 3m olan bir odanin duvar ve tavan
radyant panellerle 1sitmasi ve ikisinin bir arada oldugu 1sitma konfigurasyonlari igin
deneysel ve sayisal konfor degerlendirmesi yapilmistir. Bu tezde Fanger [1] tarafindan
gelistirilen standart termal konfor degerlendirme Olgegi olarak kabul edilen Tahmini
Ortalama Konfor Oylamast (PMV- The Predicted Mean Vote) ve Tahmini
Memnuniyetsizlik Oran1 (PPD- Predicted Percentage of Dissatisfaction) degerleri her
bir durum i¢in hesaplanmistir. Ayrica her senaryo i¢in insan viicudunun ekserji dengesi
hesaplanarak, viicudun tiikettigi ekserji degerinin konfora olan etkisi aragtirilmistir.

Sayisal model, test odasinda olusturulan deneysel veriler ile dogrulanmuistir.
Belirlenen senaryolar, PMV-PPD termal konfor indeksi ve insan viicudu ekserji dengesi
yaklasimi kullanilarak degerlendirilmistir. Sayisal model yardimiyla oda igerisinde

farkli durumlar i¢in hava sicaklik dagilimi ve hava hiz1 dagilimi incelenmistir.
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Sayisal analiz ¢aligmalari, diinya genelinde yaygin olarak kullanilan bir ticari
paket program olan ve arayiiziinde farkli modelleme araglar1 bulunan ANSYS 17.1°in
akademik versiyonu kullanilarak yapilmigtir. Odanin geometrisi Design Modeler
modiiliinde tasarlanmistir. Sonrasinda yazilimin Meshing modiiliinde sonlu hacimler
metodu kullanilarak ayriklastirma islemi gergeklestirilmistir. Bir hesaplamali akigkanlar
dinamigi (HAD) yazilimi olan Fluent yazilimi kullanilarak sayisal ¢aligmalar
gerceklestirilmistir. Gergeklestirilen analizlerin sonuglari, CFD-Post yaziliminda
detayli gorseller ve hesap fonksiyonlari ile birlikte incelenmistir. Sicaklik ve hiz
dagilimi, bu boliimde incelenmistir. Dogal tasinimda Boussinesq yaklasimu, tiirbiilansin
modellenmesinde standart k-¢ modeli ve radyasyonla 1s1 transferi i¢in Discrete
Ordinates modeli sagilma dahil edilmeden kullanilmistir. Sayisal ¢6ziim sonuglari farkls
mesh sayilarinda kiyaslamistir ve mesh bagimsizliginin oldugu goézlenmistir.

Panellerin ayarlanan yiizey sicakliklarinda termal konforu saglayip
saglamadiklar1 incelenmistir. Verilen set degerlerinde oda igerisinde diisey ve yatay
yondeki sicaklik dagilimi, ortalama 1smimsal sicaklik ve hava hizi degerleri
incelenmistir. Radyant 1sitma sisteminde ekserji tiikketim degerlerinin literatiirde
belirtilen en diisiik degerlere yakin oldugu gézlemlenmistir. Bu da radyant sistemlerin
diisiik kalitede (low-ex) enerji kaynaklarini kullanarak, klasik sistemlere gore daha
cevreci ve ekonomik bir iklimlendirme ¢6ziimii oldugunu ortaya koymaktadir.

Bu tez igerisinde yer alan farkli konumlardan 1g1nim ile 1sitma yapilmasi hususu,
gelecekte kullaniciya sunulabilecek yenilik¢i bir yontemdir ve konum bazli 1sitma-

sogutma ¢dziimleri i¢in bir 6n ¢alisma niteliginde oldugu belirtilmelidir.
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1 INTRODUCTION

1.1 Motivation

Achieving energy efficiency in buildings where comfortable and economic
living is desired can pose a significant challenge. This challenge, along with the
increase in energy consumption and in turn the decrease in non-renewable energy
sources around the globe need to be considered together. The environmental
concerns, especially the increase in greenhouse gases have led scientist to focus on
energy-efficient technologies to curtail the use of fossil energy and to promote
renewable energy use in the building sector since buildings are major consumers of
energy for heating, cooling, lighting, etc. Building sector has a considerable
footprint on the consumption of natural resources. Currently, the portion of energy
consumed in buildings accounts approximately 40% of the global energy demand.
And the energy requirement for space heating, ventilation and air conditioning
(HVAC) of a building is approximately 60% of the total energy consumed in
buildings [2, 3]. Reducing the buildings’ energy consumption could be the main
objective in saving energy. Hence, people need to improve the efficiency of energy
use in buildings through the implementation of more efficient systems and
sustainable sources for heating and cooling operations.

Energy use reductions can be achieved through minimizing the energy
demand, through the recovery of heat and cold and thereby using energy from the
ambient air and from the ground [4]. Furthermore, human thermal conditions should
be considered carefully in new buildings. Thermal comfort being one of the most

important elements of living environment has a direct effect on people’s quality of



life and health and also affects people’s performance [5]. Now hydronic radiant
heating or cooling panels have become a common solution in heating and cooling
operations in buildings based on the advantages they offer for thermal comfort and
high energy efficiency. Radiant systems have been a well-known HVAC solution
in the provision of thermal comfort. They are divergent from conventional air
conditioning systems that they condition surfaces instead of conditioning air and
thus radiant systems have ability to consume less energy while delivering superior
thermal comfort. It is a proven technology which carries out the requirements which
are explained in related standards [6, 7]. There is enough motivation provided to
work on energy efficiency and thermal comfort issues in building sector according

to global needs afore mentioned. The research trends are also in this direction.

1.2 Scope of the Thesis

Thermal comfort is an important issue for people’s life quality. Therefore
many studies are being carried out on this topic. In this thesis, a coupled
experimental-numerical study was conducted for thermal comfort evaluation of
radiant heating system. The objective of the thesis is to evaluate the radiant heating
configurations based on panel locations and surface temperatures.

Thermal comfort evaluation was made by using PMV-PPD method which was
developed by Fanger [1]. As it is known that this model is based on the first law of
thermodynamics. To go further level, exergy concept was taken into consideration
to understand comfort exergy mechanism and numerical results were put into
human body exergy balance model. Exergy metrics are calculated and compared

with PMV-PPD values.



1.3 Literature Review

1.3.1 Radiant Systems

Heating and cooling systems provide conditioning via radiant and/or
convective heat transfer for comfortable indoor environment. As a conditioning
system, radiant system uses the surfaces to heat or cool the space via the main heat
transfer phenomena, radiation and convection. The system is called “radiant”
because of the heat transfer amount via radiation is more than %350 of the total heat
transfer [8]. The more favorable radiation exchange among the inhabitants and the
radiant surfaces permits the air temperature to be slightly lower whilst preserving
thermal conditions, therefore better building thermal properties that reduce the heat
loss are important [9]. Therefore, the radiant heating system can keep room air
temperature lower than the convection-based systems, while ensuring the equal
thermal comfort. As far as radiant cooling systems are concerned, the heat is
extracted from inhabitants by radiation from cold surfaces allowing for the room
temperature to be comparatively greater than convection-based systems.

Radiant systems have various types which can be categorized based on the
location of radiant surfaces, thermal medium, integration with building structure,
and others. The radiant systems can be constructed as radiant ceiling, floor or wall
heating or cooling systems considering the location of radiation surfaces. Based on
the integration of radiant systems with building’s architecture, when hydronic
system is installed into the building elements, e.g. slab, then the radiant systems are
called as thermally activated building components [10].

Radiant systems generally use water as heat transfer fluid, thus they have

been also called as hydronic heating and cooling systems [11] or water-based



surface heating and cooling systems [12]. Furthermore, the radiant systems can be
expressed as low temperature heating [ 12] or high temperature cooling systems [13]
just because they can work with the water temperature that is near to the required
room temperature, on account of comparatively extensive heat transfer areas.

Air conditioning systems exclusively rest on air-forced convection heat
transfer for heating or cooling, and they condition the air, but not the surfaces. This
causes to energy utilization and higher fan power capacities [14]. Besides, the air
circulation on a large scale in a conditioned room may result in annoying noise and
uncomfortable space due largely to cold draught. Focusing on all convective
systems, radiant systems are more favorable due to use of water as thermal medium,
meaning that less energy is required to heat or cool the climatized space.

In addition, radiant systems can be coupled with the renewable energy
sources such as geothermal or solar energy and may supply water in convenient
temperatures for low temperature heating or high temperature cooling approaches.
The radiant systems do not affect the peak time energy consumption, but they reduce
the variations of room air temperature due to utilization of building thermal mass.
The radiant heat transfer may allow for advanced thermal comfort through
inhibition of cold draught likely alleviating the noise carried by air from the system
activity. Therefore, they contribute positively to the indoor environmental
quality. The radiant cooling system may be more satisfactory than convection-based
conditioned systems as the base for homogeneous vertical temperature gradient,
lower air speed. In addition, the attenuated territorial discomfort for inhabitants in
the course of long-time remains in cooled room environment is avoided [15]. For
the sake of improved thermal comfort through individual controls, the radiant

systems offer practical options because they facilitate an easy and effective zone



control [16]. The radiant systems are preferable in terms of space saving and
eradication of noise than conventional system due to its energy transfer primarily
by radiation [17]. Radiant heating systems improve the indoor environmental
quality and spread less dust in comparison with conventional heating systems [18].
The radiant system has been gaining more importance over last several decades. A
whole variety of researches have been done for improving the performance of the
systems as well as these advantages of the radiant system. Besides the conventional
radiant heating systems, e.g. Korean Ondol [19], Chinese Kang [20], and Roman
Hypocaust [21], different radiant heating and cooling systems are currently
performed to residential, office, school, museum and even airport terminal buildings
[5]. The radiant systems are powerful alternative to HVAC systems for green
buildings concept since they may conform with sustainable design strategies [22]
and integrate with renewable energy and low exergy systems [23].

1.3.1.1 Research Trend and Historical Review of Radiant Systems

Radiant systems have a history up to thousands of years, and its foundations
were validated through archaeology and historical researches [24]. Roman
hypocaust system can be classified as the beginning of radiant system applications
in Europe. Bansal [21] reviewed Roman hypocaust, which supplies hot gases
through walls and floors. In this study, a numerical analysis is done to investigate
the properties of hypocaust such as cavity width and storage capacity of hypocaust.
There are some examples of radiant systems in Turkey. Architect Sinan had used
floor heating system in 16th century. He adopted innovative technique in the Yunus
Pasha Mosque (1517) and Suleymaniye Mosque (1550) to heat the prayer hall by
using the floor heating system by digging water channels under the mosque to

allow the warm water flow coming from the public bath (Hammam) [25].
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Figure 1: A Schematic of Korean Ondol [26].

Another example of radiant system was studied extensively in Asia; the well-
known concept of Korean Ondol is shown in Fig. 1. It is one more ancient radiant
heating system that employs the hot combustion gas to heat floor stones for heating.
Korean people have been used that for more than two thousand years. This system
was transformed to the hydronic floor heating system which provides better indoor
environmental quality and energy efficiency in 1970s [27, 28].

In the last decade, a type of radiant systems which are floor heating systems
were commonly applied in residential buildings in Korea, and it is also getting
widespread throughout the world. In Europe, especially in Germany, Austria and
Denmark, radiant heating systems are used in 30-50% of new houses. It is
considered that floor heating system is an energy efficient and comfortable heating
system in residential buildings. In addition to that, radiant systems are also

commonly used in commercial and industrial buildings in Europe [18]. Because of



these, it has been a growing research interest for the assessment of radiant systems
in terms of the heat transfer performances and the thermal comfort evaluation [29].
The paper by Rhee [30] outlines the number of research papers published on the
Journal of Building and Environment related to radiant systems. Figure 2 shows

the increasing trend of the subject area over the years.
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Figure 2: Number of articles published about radiant system [30].
1.3.1.2 Research Topics of Radiant Systems

In the literature there are several academic studies on thermal comfort
evaluation of various HVAC systems. In parallel, radiant systems have been
evaluated on different research topics. The main research subjects related to comfort
and radiant systems are classified into three sub-types: (1) thermal comfort models,
(2) general comfort (3) local discomfort [30]. Apart from thermal comfort
evaluation studies, radiant systems are evaluated in this thesis in terms of human
exergetic balance equations. The exergy concept is used to evaluate the radiant
systems from a different point of view that is described in following chapters.

Furthermore, a special attention is given to the assessment of thermal
performances of different radiant systems in the literature. Because the operation of

radiant systems is generally associated with three heat transfer modes, i.e. (i)



conductive heat transfer between embedded pipe and the surface, (ii) convective
heat transfer between cooled/heated surfaces and room air, and (iii) radiant heat
transfer between radiant surfaces and inhabitants. Building suitable and detailed
numerical models becomes necessary for analyzing a system with sensible
accuracy. These subjects concentrating on thermal performance assessment were
classified as follows: (1) heat transfer analysis, (2) heating/cooling capacity, (3)
CFD analysis, and in the literature [30] (4) energy simulation.

In addition, many studies put forward system integration and/or control
scenarios for the effective utilization of radiant systems. Similar systems such as
DV (Displacement ventilation) and DOAS (Dedicated Outdoor Air System) were
considered, for ensuring fresh outdoor air and/or taking the latent load away from
the field covered by the radiant system. Moreover, diverse studies focusing on the
control strategies of the radiant systems for the condensation risk, reducing
overheating concerns, decreasing energy consumption etc. These topics could be
classified as: (1) system integration and (2) control scenarios for the application of
the radiant systems [30].

In Chapter 2 of this thesis, thermal comfort assessment parameters and
methods are reviewed. Evaluation metrics are going to be specified and described
according to the general thermal comfort concept and calculation procedure which
is discussed in related standards. Furthermore, the local factors to provide better
indoor environment are presented and a review of thermal comfort evaluation

concepts are going to be given.

In Chapter 3 of this thesis, the experimental methodology of the thermal comfort

analysis of radiant systems is described. In this Chapter detailed explanations are given



on constructive and the thermal properties of the test chamber. In addition to that the
application of the sensors and hydraulic circuit of radiant panels are contained therein.

In Chapter 4, a detailed numerical methodology is explained, and validation
of the test results is shown. In addition to that the validation of radiation model and
mesh independence study is carried out.

In Chapter 5, results and discussions take place. Experimental and numerical
results are evaluated in terms of human thermal comfort.

In Chapter 6, the conclusion part covers all studies that have been done during

the thesis. In addition to that the future research suggestions are given in this

Chapter.



2 THERMAL COMFORT

2.1 Heat Transfer Mechanism of Human Body

Human body is known to have its own thermal regulation system [31]. It
continuously generates heat by metabolic processes and exchanges heat with the
environment. The metabolic heat generated in the body is dissipated through
radiation, convection, conduction and evaporation. Lungs and skin are the main heat
exchange equipment for the transfer of sensible heat. The latent heat is transferred
by evaporation to the environment. Latent heat represents the heat of vaporization
of water as it evaporates in the lungs and on the skin by absorbing body heat. The

total rate of heat loss from the body can be expressed as:

Qbody = Qskin + Qlungs =3 (Qsensible + Qlatent) 2 (Qsensible + Qlatent)

skin lungs

The total rate of heat transfer from the body is equal to the rate of metabolic
heat generation in terms of steady conditions. Metabolic rate can vary from 100 W
to 1000 W according to a person’s activity level.

Sensible heat loss from the skin depends on the skin temperature, the
temperature of surrounding surfaces and the environment. The latent heat exchange
works depend on the skin wettedness and the relative humidity of the environment.
The insulation layer of the body which is clothing effects on heat transfer and
reduces both the sensible and latent heat loss from the body. The heat transfer from
the lungs through respiration depends on the breathing and the volume of the lungs.
The convection and radiation heat losses from the outer surface of a clothed body

can be expressed as a general form in Watts [31]:
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Qconv = hconvAclothing (Tclothing - ambient)

Qrad = hradAclothing (Tclothing - Tsurr)
2.2 Thermal Comfort

Thermal comfort assessment parameters and methods need to be able to
design a human-centered system. Evaluation metrics are specified and described
according to the general thermal comfort concept and calculation procedure which
is discussed in related standards [6, 7]. Furthermore, the local factors to provide
better indoor environment are presented.

In ASHRAE 55 [7] and EN7730 standards [6], thermal comfort is defined as
“that condition of mind which expresses satisfaction with the thermal environment”.
This description raises a question concerning which metrics can be used to evaluate
thermal comfort. The comfort metrics which have been used in radiant system
assessment are going to be described in this part of the thesis.

Assessment of thermal comfort is possible with a range of options, but the most
common method is via the measurement of air temperature, mean radiant
temperature (MRT) (can be calculated from globe temperature), and operative
temperature (which includes convective and radiative effects). The predicted mean
vote (PMV) is another comfort parameter developed to assess thermal feeling from
“cold” to “hot” [1]. This objective metric was evolved using human votes about
their sensations in a test chamber and is dependent on an energy balance equation
implemented to the human body. Fanger [1] test the models of thermal comfort
based on the energy balance of the human body. These models deal with heat

exchange between the human body and its surroundings. Through laboratory
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practice, it was discovered that thermal circumstances where the energy input
corresponds with the energy output, the feeling becomes considerably comfortable.
The result is the predicted mean vote (PMV) approach revealing the prediction of
the mean vote of a larger group on a basis of the indoor air temperature, radiant
temperature, humidity, air velocity, together with the metabolic rate and the level of
clothing insulation of a person. It ranges from —3 (cold) to +3 (hot) with the value
of 0 set as neutral. This 7-point thermal sensation scale is shown in the Table 1. This
metric has been translated into a predicted percentage of dissatisfaction (PPD) rate
which establishes a quantitative prediction of the percentage of thermally
dissatisfied people. Most comfortable number of thermal comfort index (lowest

PPD = %5 and PMV=0) is associated with a neutral body sensation.

Table 1: Seven-point thermal sensation scale [6].

+3 Hot

+2 Warm

+1 Slightly warm

0 Neutral

-1 Slightly cool

-2 Cool

-3 Cold

In PMV approach, Fanger has combined psychological theory with statistical
data and has developed a mathematical model that predicts thermal sensation.
According to Fanger, PMV indicator, which is used to determine comfort conditions
for six comfort variables such as clothing, ambient air temperature, average radiant

temperature, air velocity, the metabolic activity rate and relative humidity. These

12



metrics are classified as personal parameters which are clothing and metabolic rate
and environmental parameters which are air temperature, mean radiant temperature,

relative humidity and air velocity.

Radiant Temperature

Air Temperature
Clothing
Relative Humidity
Air Velocity

Metabolic Rate

Figure 3: Thermal comfort evaluation parameters in PMV approach.

By using these parameters, PMV calculation can be done using Equations (1) to (5)

given in the EN 7730 Standard [6]:

(M -W)-3.05-107{5733-6.99-(M W)~ p,}
~0.42-{(M -W)-58.15}-1.7-10"- M -(5867 p,)

(1)

PMV =(0303-¢ " +0.028) ) \
~0.0014M (34-T,)-3.96:10" £, {(7, +273)' (7, +273)'}

|~/ h(T,-T,)

Here, the terms 7., & and f.; are calculated by equations 2, 3 and 4, respectively. The

equations 2 and 3 are solved by iteration [6]:
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3.96-10° - f, -{(Tc, +273)' (T, +273)“}

T,=357-0.028-(M -W)-1, ()
+fcz 'hc (T;l _Ta)
238, " =238 T, T " >12.1- 1,
= 3)
121V, <2381, -T.["* <12.1- v,
141291, <=1, <0.078m - K /W .
“11.05+0.645-1, <1,>0.078m> - K /W )

The PPD forecasts the percentage of thermally uncomfortable people in a
considerable number of people. The rest of the group will sense thermally neutral,
slightly warm or slightly cool. PPD value can be calculated with the Equation 5

given below [6]:

PPD =100—95-exp(—0.03353- PMV* —0.2179- PMV'*) (5)

PPD

80

60 [~

40

30

-2 -1,5 -1 -0,5 0 0,5 1 1,5 2 PMV

Figure 4: PPD and PMV graph [6].

Indoor comfort requirement can vary based on the indoor conditions. EN
ISO 7730 [6] and EN 15251 [32] set three categories of thermal requirements for
mechanically conditioned spaces: category I (or class A) (PPD < 6%, i.e. —0.2 <

PMV < +0.2), category II (or class B) (PPD < 10%, i.e. —=0.5 < PMV < +0.5) and
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category III (or class C) (PPD < 15%, i.e. —=0.7 < PMV < +0.7). To be able to be
classified as one of these types, the standard puts some requirements that should be
met. Several research studies show that the tightly air-temperature-controlled space
which means that very precisely conditioned place (class A) did not supply greater
conditions for occupants than non-tightly air-temperature-controlled spaces (class
B and C) [33, 34]. According to these arguments ASHRAE 55 [7] did not include

the classification of building categories.

The temperature felt by the human body is not equal to the ambient air
temperature. The temperature of the objects and surfaces in the environment also
affects the temperature that is felt. And they exchange heat by radiation transfer.
The indoor parameters such as air temperature, air velocity and relative humidity
affect the thermal sensation relatively. In these studies, environmental parameters
are needed, which can be defined as follows:

e Air temperature is a variable that determines the amount of heat exchange
made by convection between human body and its environment. Heat transfer
with convection between the person and the environment occurs until the
body surface temperature and air temperature are balanced. For this reason,
air temperature is one of the important environmental variables that affect
the thermal comfort of a person.

e Mean radiant temperature expresses the combined effect of the temperatures
of the surrounding surfaces to determine the heat transfer between the person
and the surrounding surfaces through radiation heat transfer. It depends on
the position of the person in the space, the shape of the posture and the

temperature of the surrounding surfaces.
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Humidity of the air is another variable that affects the amount of heat
transferred from the body through water vapor diffusion and breathing
through the skin of a person.

Air velocity; is also an important variable that affects the amount of
convective heat transfer between the human and its surroundings, since it

affects the heat transport coefficient between any surface and air.

Personal variables affecting thermal comfort are the activity level and the clothing

type [1, 6].

The level of activity is a variable that affects the amount of energy produced
by the body. The activity rate is directly related to the kind of action that a
person makes, and it is one of the important variables affecting thermal
comfort. Depending on the muscle-related activities, human body generates
energy. This activity rate is measured in “met” (1 met = 58.15 W/m?). For
normal adults, the body surface is defined as 1.7m?. A thermally comfortable
person sitting in an environment has a heat loss of 100 W. Some activity rate
values are given in Table 2 in W/m? and met [6].

Clothing rate is one of the personal variables that should be known when the
thermal comfort conditions are determined. Because it determines the
thermal insulation resistance of the clothes and therefore affects the amount
of heat transfer between the human and its surroundings. Heat insulation
resistance of clothes is usually expressed in terms of clo unit. (1 clo=0.155
m?-K/W) Thermal insulation resistances for different types of clothing are

shown in Table 3 according to the EN 7730 Standard [6].
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Table 2: Activity rates according to the standard EN 7730 [6].

. . Activity Rates
Type of Activity W/m? | met
Reclining 46 0.8
Seated, relaxed 58 1
Sedentary activity (office, dwelling, school, laboratory) | 70 1.2
Standing, light activity (shopping, laboratory, light 93 1.6
industry) )
Walking at 2 km/h 110 1.9
Standing, medium activity (shop assistant, domestic
. 116 2
work, machine work)
Walking at km/h 200 3.4
Table 3: Thermal Insulation properties of some clothes [6].

Clothes I.(clo) I, (m*K/W)

Underwear

Panties 0.03 0.005

Underpants with long legs 0.10 0.016

Singlet 0.04 0.006

T-shirt 0.09 0.014

Shirt with long sleeves 0.12 0.019

Panties and bra 0.0 0.005

Shirts/Blouses

Short sleeves 0.15 0.023

Light-weight. long sleeves 0.20 0.031

Normal. long sleeves 0.25 0.039

Flannel shirt. long sleeves 0.30 0.047

Light-weight blouse. long sleeves | 0.15 0.023

Trousers

Shorts 0.06 0.009

Light-weight 0.20 0.031

Normal 0.25 0.039

Flannel 0.28 0.043

Dresses/SKkirts

Light skirts (summer) 0.15 0.023

Heavy skirt (winter) 0.25 0.039

Light dress. short sleeves 0.20 0.031

Winter dress. long sleeves 0.40 0.062

Boiler suit 0.55 0.085

Outdoor clothing

Coat 0.60 0.093

Down jacket 0.55 0.085

Parka 0.70 0.109

Fibre-pelt overalls 0.55 0.085
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In Tables 2 and 3, a general outline of the comfort evaluation parameters are
given. Local comfort parameters are also very important factors that are particularly
relevant for the evaluation of comfort. The local comfort is related with the radiant
asymmetry, airflow-draught rate, vertical air temperature difference, and contact
with hot and cold surfaces. These parameters related to some well-established
standards are discussed below:

(1) Radiant asymmetry (47,-): EN ISO 7730 [6] and ASHRAE 55 [7] define
limits of radiant asymmetry when using radiant walls, floors and ceilings.
According to the standards, Figure 5 shows the percentage of dissatisfaction as a
function of the radiant temperature asymmetry caused by a warm ceiling, a cool
wall, a cool ceiling or by a warm wall. For horizontal radiant asymmetry, Figure 5
applies from side-to-side (left/right or right/left) asymmetry, the curves providing a
conservative estimate of the discomfort: no other positions of the body in relation
to the surfaces (e.g. front/back) cause higher asymmetry discomfort. Determine the

PD using Equations (6-9), as applicable.

[m]
o
80 -
60 - Warm Ceiling Cool Wall
40
20 |-
Cool Ceiling  Warm Wall
10
=
6
4 —
2
1 | | | | | | |
0 5 10 15 20 25 30 35 At

Figure 5: Local thermal discomfort caused by radiant temperature asymmetry [6].
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a) Warm ceiling effect:

e 100
1+exp(2.84—0.174-AT, )

-55<AT, <23°C (6)

b) Cool wall effect:

~ 100
1+exp(6.61-0.345-AT, )

& AT, <15°C %)

c) Cool ceiling effect:

D = 199 < AT, <15°C (8)
1+exp(9.93-0.5-AT,,) y
d) Warm wall effect:
D = 100 —-3.5< AT, <35°C 9)
1+exp(3.72—-0.052-AT,,) P

(2) Floor temperature is important to provide comfort. If it has too low or too
high temperature, it can cause discomfort. EN ISO 7730 [6] and ASHRAE 55 [7]
specify limits for rooms occupied by sedentary or/and standing people wearing
shoes. Both standards recommend floor surface temperatures within the occupied
zone to be kept between 19°C and 29°C. Figure 6 shows the percentage of
dissatisfaction as a function of the floor temperature, based on studies with standing

and/or sedentary people.
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Figure 6: Local thermal discomfort caused by warm or cold floors [6].

(3) Vertical air temperature difference (A7,,) between head and ankles can
cause discomfort [35]. Discomfort rate (PD) is defined in EN ISO 7730 [6] and
ASHRAE 55 [7]. This metric only applies for head temperature being higher than
feet temperatures (people are less sensitive under opposite conditions). PD can be
calculated using Equation (10):

. 100
1+exp(5.76—0.856 - AT, )

< AT, <8°C (10)

Figure 7 shows the percentage of dissatisfaction (PD) as a function of the vertical

air temperature difference between head and ankles.
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Figure 7: Local discomfort caused by vertical air temperature difference [6].

(4) Draught is defined as an undesired local cooling of the body caused by
air movement. Fanger and his research team [36] developed a draught model using
three variables (air temperature, mean air velocity, and turbulence intensity). Based
on human subject testing this model was converted into percentage of dissatisfaction
for draft (PDurqsi). This index is further defined within the EN ISO 7730 [6] but it
was removed from ASHRAE 55 because it was found to overestimate the draught

risk [37].

DR=(34-T,)-(V,—0.05""-(0.37-V,,-Tu+3.14) (11)

Tar: 1s the local air temperature, in degrees Celsius, 20 °C to 26 °C;

Va. 1s the local mean air velocity, in metres per second, < 0.5 m/s;

T.: 1s the local turbulence intensity, in percent, 10 % to 60 % (if unknown, 40 % may
be used)

For v,;<0.05 m/s: use v4;= 0.05 m/s For DR > 100 %: use DR =100 %
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Another discomfort metric related to non-steady-state thermal environments
is the ‘temperature drift’. This metric is defined as a steady, non-cyclic change in
operative temperature of an enclosed space. Temperature drift is associated with
discomfort and is reported in [K/h]. Standard EN ISO 7730 [6] allows a maximum
drift of 2 K/h. ASHRAE Standard 55 [7] allows for 2.2 K/h for drift duration of 1h,
but not more than 2.6 K/h during any 0.25h period within that 1h period. ASHRAE
55 also requires drift lasting 4h to be reduced to 0.8 K/h.

Thermal sensation vote (TSV) is another index to evaluate comfort in
addition to the metrics described before. This scale focuses on thermal sensation
from “cold” to “hot” via collecting votes from occupants for a specific thermal
environment at a specified time. This metric was used to develop the PMV index
and is sometimes referred to as ‘actual mean vote’. TSV can be conducted for whole
body (global) sensation as well as for local sensation. The latter allows a comparison
with the physiological measurements of local body parts.

Thermal comfort vote (TCV) is a scale to rate thermal comfort from
“uncomfortable” to “comfortable”. This scale also uses human votes to asset

29 (13

comfort. ISO-defined 4-point scale (“uncomfortable”, “slightly uncomfortable”,
“slightly comfortable™, “comfortable”) is used for TCV; however, in this vote, there
is no “0” condition for neutral feeling [38]. T. Imanari et al. later used a 5-point
scale that includes a “neutral” comfort vote [39].

Occupant satisfaction votes are often used for indoor environmental quality
(IEQ) surveys in buildings. These surveys usually use 5- or 7-point scales ranging

from “(very) dissatisfied” to “(very) satisfied” and with the value of O set as neutral

(e.g., CBE Occupant IEQ Survey [40].
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2.3 Exergy Concept

Thermal comfort assessment methods are based on the first law of
thermodynamics for many years. In such an analysis of thermal comfort, the heat
transfer between the body and the environment is calculated using the energy
balance of the human body. On the other hand, the second law of thermodynamics
reveals the concept of exergy as a suitable method for comfort evaluation. Exergy
consumption in the human body depends on the quality of energy transfer between
a body and its environment. Human body indeed consumes exergy (available
energy) to reach to a desired thermal comfort level. A similar situation can be seen
when the first law of thermodynamics is considered for comfort evaluation. The
situation in which the body reaches the thermal equilibrium with the environment
indicates that the condition is thermally satisfied. In contrast, when the exergy
consumption is minimum it means that human body is thermally satisfied. It is
shown that in the literature when the room temperature is lowered into a neutral
temperature, the exergy consumption rate decreases and reaches a minimum at a
certain temperature. When the temperature is set to a lower value than neutral
conditions, body generates energy by shivering to keep the body temperature at a
desirable level. At that point exergy (available energy) input and output increase.
When skin temperature also goes down, body consumes more exergy because of the

temperature difference between the core and the skin.

Similarly, when a air condition system is blowing very hot or cold air, the rate
of exergy consumption increases, although there is a smaller temperature difference
between the body and the environment. In this case, the neutral state and the current

skin / core temperature difference trigger the body to sweat. The evaporation via
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sweating cools the body but at the same time it increases the exergy consumption
rate [41, 42].

The reason why we have used exergy concept in thermal comfort evaluation
is because exergy analysis shows how exergy consumption of human body depends
on the environmental conditions. In addition, under steady-state conditions, the
literature research show that there is a relation among the exergy consumption of

human body and the expected level of thermal comfort [41].
2.3.1 Introduction to Exergy Concept for Comfort

The quality of the supplied energy is considered by the exergy concept
besides the quantity [43], as shown in Figure 8. The exergy (available energy)
contained by a system is the “maximum available work that can be extracted from
the energy contained by that system” into its environment. Exergy concept analyses
the degree of waste within a system or a variety of systems work in harmony across
the energy transformation. This concept can allow optimization of HVAC systems
by the aim of sustainable building design and operation.

The usage of exergy approach into the design and operation of air
conditioning systems is set up in a relative fashion. However, the usage for human
being’s thermal sensation in conditioned fashion is not well-established. Exergy
concept is being used more often in building energy assessment. It can be seen in
various studies in the literature [44, 45, 46, 47]. The highest level of energy wasted
in buildings is due to the climatization of spaces by controlling room temperature,
lighting, relative humidity and domestic hot water. The needed amount of exergy to
provide comfortable indoor environment which can be achieved mostly between
20°C and 26°C [48], is not high, mainly in heating and cooling applications. Despite

that, high quality sources such as fossil fuels or electricity are being used to meet
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the requirement. A general schematic is given in Figure 8 that gives a quality-based

orientation of sources and uses [44].

Energy balance-based analysis alone is not able to account for the latter
problem. Exergy analysis makes it possible to provide information on the
correlation between the requirement and the supply to evaluate in which part of the

energy flow for the whole chain of building systems may allow the biggest savings

[44,46,47,49].
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Figure 8: Quality based classification sources and uses [49]

Achieving thermal comfort and energy savings is possible using the exergy
concept that combines various parameters such as outdoor thermal conditions,
living space thermal parameters and occupant’s objective preferences that ensures
climate conditioning systems provide thermal comfort with the lowest possible
human-body exergy consumption rate. The results suggest the use of low exergy
sources (radiant heating/cooling, natural ventilation, etc.).

Currently, there are not many studies available that focus on the relation

between the exergy consumption rate of the human body and thermal sensation. A
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recent study [48] suggests that human body exergy balance analysis could give more
accurate indication of thermal comfort. Another study by Prek [42] compared
calculated human-body exergy consumption rate to the results obtained from
PMV/PPD model, which predicts the average thermal sensation of a large group of
people.

This thesis evaluates radiant systems in terms of the human-body exergy
model and PMV/PPD model by using the data generated from different
combinations of the indoor climate parameters temperature, humidity, air velocity,

and others by experimental and CFD analysis.

2.3.2 Background of Human-body Exergy Balance Model

Shukuya and Saito developed human-body exergy theory in the middle of
1990s [49]. Prof. Dr. I. Oshida, from Japan, who was one of the first scientists in
the field of solar exergy utilization, brought up the correspondence between the
input and output exergy of human body and thermal sensation [50]; around 15 years
prior to Shukuya and Saito initiated their research. However, Oshida was not the
one who developed the theory of human-body exergy balance.

Combining the energy balance and entropy balance equations for human
body, Saito and Shukuya developed the earliest version of human-body exergy
balance model (Figure 9). Assuming that the environmental temperature equals to
the ambient air temperature and mean radiant temperature, they calculated human-
body exergy balance under a thermally steady state.

They discovered that the exergy-consumption rate within the human body is
the minimum at the state that outgoing heat is equal to the metabolic heat-
generation, It indicates that lowest exergy consumption rate within human body

resulted as thermally neutral condition [46].
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In the early 2000, Isawa, Komizo and Shukuya developed another version of
human-body exergy calculation model. For sensible thermal exergy transfer, they
considered convective exergy and radiant exergy separately. They also provided a
better mathematical expression for sweat secretion and its evaporation which makes
possible the calculation for situations where indoor relative humidity is different
than the outdoor relative humidity. A few theoretical re-examinations on the
derivation of liquid-water exergy and moist-air exergy were made after these
revisions until 2006 [49].

There is an optimum range of mean radiant temperature and room air
temperature providing the human body with the lowest exergy consumption rate.
[41, 42, 45] show that this is possible for the mean radiant temperature from 23 to
26°C and the room air temperature from 17 to 19°C, that corresponds to human-

body exergy balance calculation made for winter condition suggests.
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Figure 9: Human body system [49]

Experienced architects and engineers suggest indoor thermal environment in
this condition is generally in harmony with a convenient level of thermal comfort

[46, 52]. On the other hand, for summer conditions, it was found that a combination
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of mean radiant temperature ranging from 28°C to 29°C and air current of exceeding
0.2 m/s with a higher air temperature and humidity (30°C; 65%) provides the lowest
exergy consumption rate. With a high-temperature radiant cooling system combined
with natural ventilation and a good quality of solar control together with interior-
heat-generation control, it is possible to obtain such an indoor thermal environment
[51]. The modality of verifying the outcome of the efficiency of the low-exergy
heating process was combined with cooling systems.

A current research centering behavior of occupants and their thermal
background connected to human-body exergy balance [52] suggests that the human-
body exergy consumption rate of the occupant tend to become higher towards the
time of closing windows and become lower afterwards, in spite of the fact this is
based on the field measurement done in fall equinox.

Takunaga et al. [53] have also studied the distinction of human-body exergy
consumption rate in each occupant’s thermal background. They conducted an
experimental research on sweat secretion and its relation to human-body exergy
balance in hot and humid setting. The subjects who were not much exposed to air-
conditioned space at houses and other locations could feel pleasant with a smaller
rate of sweat secretion and a lower exergy-consumption rate within human body in

contrast to those stayed much in air-conditioned space.

2.3.3 Calculation of Human Body Exergy Balance

Consumption of exergy comprised nutrients by people within their body
resulted that they can sense, think and perform any physical work flexing their
muscles. Eventually, entropy is produced by human being unavoidably and it is a
necessity that it should be disposed into the built habitat. Regardless of the fact that

they are active or passive, climate control systems for buildings also function as
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exergy-entropy process. “Exergy” is the idea to express what is used within a system
and “entropy” is what is discarded as unusable from the system. In a different way
of expression, exergy is the notion that calibrates the potential of energy and
material to scatter, and entropy is the notion that calibrates the amount of scattered
energy and matter [46]. Exergy-entropy processes exist in any organic or inorganic
processes can be exampled as biochemical or technological processes. Production
of exergy, use of exergy, entropy production and entropy dispensing are their
essential attributes. Exergy balance equation for the human body as a system is

indicated below in its standard form [49];
[Exergy input] — [Exergy consumption] = [Exergy stored] + [Exergy output].

A detailed form of exergy balance equation can be defined firstly with an
energy balance equation is defined using the 1st law of thermodynamics and then
the complementary entropy balance equality formula can be driven using second
law of thermodynamics [49]. The output of the entropy balance equation and
outdoor temperature value coming from the energy balance are used for exergy
balance equation. The comprehensive explanation of a heating system as a sample
can be found in [49]. Stored exergy amount is another issue that should be discussed.
Esentially, it can be defined as the difference among the energy change and the

output of the entropy change and the outdoor temperature.
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It is crucial to note that use of exergy and stored exergy at optimal values are
needed with a rational combination of exergy input and output to carry on comfort
and healthy conditions.

In [48], the exergy balance of human body is was developed according to the
two-node model that has nodes called core and shell. A general formula of exergy
balance for this concept is given in Table 4. The detailed calculation procedure is given

in Appendix A. That calculation precedure was used in this thesis.

Table 4: Input Variables of Human Body Exergy Balance

Input Variables-Outdoor
Outdoor Air Temperature T, (°C)
Relative Humidity of Outdoor Air Pout (%0)

Input Variables-Indoor
Room Air Temperature Tra (°C)
Mean Radiant Temperature Tnr (°C)
Relative Humidity of Room Air Pair (%)
Air Speed Vrair (M/S)
Human Body

Clothing clo
Activity M (met) (1met=58.2 W/m?)
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Table 5: Exergy Balance Equation [49]

[Warm exergy generated by metabolism]
+ [Warm/cool and wet/dry exergies of the inhaled humid air]
+ [Warm and wet exergies of the liquid water generated in the core by metabolism]

+ [Warm/cool and wet/dry exergies of the sum of liquid water generated in the

shell by metabolism and dry air to let the liquid water disperse]

+ [Warm/cool radiant exergy absorbed by the whole of skin and clothing

surfaces]
- [Exergy consumption]
= [Warm exergy stored in the core and the shell]
+ [Warm and wet exergies of the exhaled humid air]

+ [Warm/cool exergy of the water vapor originating from the sweat and wet/dry

exergy of the humid air containing the evaporated water from the sweat]

+ [Warm/cool radiant exergy discharged from the whole of skin and

clothing surfaces]

+ [Warm/cool exergy transferred by convection from the whole of

skin and clothing surfaces into the surrounding air]

According to equations given in Appendix A, a calculation algorithm was
introduced by Asada et al. [54] in the form of VBA macros written for an excel-
sheet, available for download at web site of [49]. In order to process multiple lines
at once, the macros were rewritten to be usable for the R statistical software [55].
The tool needs eight input parameters which are shown is Table 4 to calculate
human body exergy balance. These parameters and calculation formulae are given
in Appendix A. The exergy balance calculations in this thesis are done by using R
statistical code. The comfort research library called “comf v0.1.7” is used for the

calculations. Input parameters are taken from the experimental measurements.
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3 EXPERIMENTAL METHODOLOGY

In this part of the thesis, the experimental methodology for the thermal comfort
analysis of radiant systems is described. In the following sections, detailed explanations
are given on construction of the test chamber and related parameters. In addition to that
the application of the sensors and hydraulic circuit of radiant panels are discussed.

Experiments carried out for the case of wall heating, ceiling heating and heating
from both surfaces in the test volume which simulates a room in winter conditions. In
these experiments, for wall heating and ceiling heating cases 5 different water supply
temperatures were given for the system. For the scenario that wall and ceiling surfaces
both selected as heating surfaces, tests were done at 3 different water supply
temperatures.

In the wall tests, 5 panels were used in dimensions of 0.6m x 2m. For ceiling, 12
ceiling panels were used in dimensions of Im x 1.2m. In all cases the water runs in
surface basis; therefore each panel was not separately conditioned.,Indoor air
temperature and wall surface temperatures measured at the required points during the
tests are described in detail below. During all experiments, the relative humidity of the
test chamber was set to be constant at 50%.

Thermal comfort calculations have been done for the measured test results. Mean
radiant temperature, air temperature and relative humidity values were taken from the
test results. Air velocity, clothing factor and metabolic activity values (clothing and
metabolic activity are personal parameters for thermal comfort evaluation which are

defined in Chapter 2) were chosen as clo=1, met=1.2 and v=0.1 m/s.
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3.1 Description of test chamber

Test Room

1 Test Room

— Sl
\J

Test Volume Fagade Room

West Wall Ceiling Volume

Floor Volume

Figure 11: General view of the climatic test room in 2D and 3D.

The test chamber was constructed to test different heating applications under
multi-climate conditions which are listed in Table 6. It is illustrated in Fig. 11. The
chamber consists of 5 zones including facade volume, inner zone volume, floor
volume, ceiling volume and test volume. The test volume has a footprint area of
16m?> (4m x 4m) and an internal height of 3m. The thermal transmittance
coefficients of the wall and ceiling constructions (made out of sheet metal with
polyurethane insulation) are presented in Table 7. Sandwich type wall panels were

used in the construction of the room. The sandwich panel consists of a polyurethane
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insulation between two sheet metal layers which have locking mechanism for
durability. Thermal properties of the wall were characterized according to the
Turkish Standard TS 825 [56] (thermal insulation requirements for buildings).
Mechanical air conditioner system was installed in test chamber to supply the
desired boundary conditions to the test volume.

This test chamber has been developed by Mir Research and Development
Inc. located in Istanbul and used in various research activities related with radiant
systems [57, 58]. As it was defined in previous researches, the emissivity of the

unheated indoor surfaces and radiant wall/ceiling surfaces were taken from previous

works [59].
Table 6: Controlled parameters in zones.
Ceiling Floor Facade Room | Interior
Room
Temperature -10°C/ +0°C/ -10°C /+40°C +0°C/
Range +40°C +30°C +30°C
Temperature +05°C | £05°C +0.5°C +£0.5°C
Tolerance
Humidity Range n/a n/a %35 / %85 n/a
RH

Humidity Control n/a n/a %1 n/a
Steps
Humidity n/a n/a +% 0.5 RH n/a
Tolerance
Air Velocity n/a n/a 0.5-5m/s n/a

The test chamber is constructed to supply general requirements that defined
by the ASHRAE Standard 138 [60] and there is a minor difference with the standard
that is the ensuring climatic conditions in all volumes of test chamber conditioned

by the enclosed volumes are provided by air handling units.
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Table 7: Thermal properties of walls.

Surfaces U L k Description
(Wm?K) | (m) | (W/mK)

Ceiling 0.3 |0.08 [0.024 Radiant Ceiling panels are applied.
The ceiling volume behind the surface
is conditioned as outdoor space.

Floor 0.4 |0.06 |0.024 The volume below the floor surface
conditioned as indoor space

North 0.4 |0.13 | 0.052 The Surface is unheated. The volume

Wall behind the surface conditioned as
outdoor space.

West 0.4 ]0.04 |0.016 The volume behind the surface

Wall conditioned as outdoor space. Radiant
wall panels are applied on this wall.

East 0.8 |0.04 |0.032 The Surface is unheated. The volume

Wall behind the surface conditioned as
indoor space.

South 0.8 |0.04 | 0.032 The Surface is unheated. The volume

Wall behind the surface conditioned as
indoor space.

3.2 Hydraulic circuit and radiant panels

The temperature of the water filled in the radiant panels depends on the
heating season for varying climatic circumstances. For each case study, a water
conditioning system was used in the test room to circulate the water in all panels.
The hydraulic system was amplified to the test system to provide proper inlet water
temperature and flow rate to the radiant panels. As it can be seen in Fig.12, the
hydraulic line is supplied with; a storage tank that heats the water to required
temperature by an electric heater, a four-way valve used to mix the supply and return
lines, a three-way valve used to keep the demanded mass-flow rate, an ultrasonic
flow meter to evaluate the mass- flow rate and to provide input to the flow control

system.
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Figure 12: Hydraulic System.

As it can be seen in Fig. 12, the inlet water, which accesses the system
through the tank primarily comes to a four-way valve. Here, the valve mixes it with
the return pipeline. The mixture water temperature exits the four-way valve being
equal to the water inlet temperature and enters the pump to supply the necessary
pressure. After the pump, the water comes to a three-way valve. The purpose of the
three-way valve is to return surplus of the fluid back to be equal to secure the flow
rate when the water which comes from the pump has a higher flow rate than
required. Then, the fluid passes through the flow meter, where the volumetric flow
rate was calculated. The data for the flow rate control is delivered from
electromagnetic flow meter. Following, the water goes to manifolds and then the

panel facility to activate the heat transfer mechanism. After finishing the cycle in
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the panels, the water comes to the four-way valve again through the return line and
it is blended with the water that comes from the tank in case it is necessary (to alter

the required temperature of the fluid).
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Figure 13: Radiant panel details.

Radiant wall/ceiling panels are made of three layers: drywall, heating pipe and
insulation; from inner to outer layers. The thickness of the drywall layer is 15 mm
while the insulation panel’s thickness is 30 mm. The plastic pipes (PEX) has a 10.1
mm external diameter and 55 mm of modulation. Expanded polystyrene (EPS) is
used as an insulation material which has a coefficient of thermal transmittance value
of 0.035 W/mK (at 10°C). The material properties were taken from the previous

work done in the same test chamber [57].

Table 8: Components of radiant panel.

Specification

Radiant Ceiling Panel I mx 1.2 m, 12 panels

Radiant Wall Panel 0.6 m x 2 m, 5 panels

Pipe Polyethylene pipes, inside diameter: 9 mm
outer diameter: 10.1 mm
Modulation: 55 mm

Insulation Expanded polystyrene (EPS), 20 mm

Surface material Gypsum board, 15 mm
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3.3 The Measurement Equipment

Basic working principle of the test chamber was already explained above. The
given water mass-flow rate was 0.04 kg/s for each case. The measurements were
done by following the EN 14240 [61] under stable conditions. In order to alter the
temperature of the outer volumes to simulate a winter day conditions, the zones
were adjusted at designated temperatures until desired temperature ranges (+0.5 °C)
were guaranteed. The water conditioning system was turned-on to provide heat to
the radiant panels for each heating case and the steady-state initial and boundary
conditions were acquired before collecting the measurement data. Based on the
studied cases and the boundary conditions, steady-state requirements were reached
within 5-6 h in terms of stability of supply water temperature and water flow rates,
surface temperature of the panels and unheated surfaces. Before performing the heat
transfer measurements, conditioned water was provided to the radiant system to
keep the radiant surfaces at the chosen temperature, while the unheated surface
temperatures and the air temperature of interior were varied subject to the heat
output of the panels.

During the tests, inlet-outlet water temperatures (7) were measured. 7,, was
used which was acquired experimentally directly by the thermal comfort device.
The operative temperature was determined according to ASHRAE 55 [7] which is
the weighted average value between the mean radiant temperature and the dry-bulb
air temperature. Air temperature transducer (7%) was located at the middle of the test
volume. Moreover, air temperatures of indoor and enclosed zones, surface
temperatures of and unheated surfaces, mass-flow rate of water, supply and return
water temperatures were evaluated, controlled and accumulated for each measuring

time-interval (1 min). Time span of the experiments was determined as around 16 h
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so that all important variables achieved and steady-state conditions, to store
adequate data as well. Outcomes associated to standard values were measured
during the periods of 30 minutes in which stable conditions were guaranteed. Tests
were performed by the alteration of radiant surface temperatures according to inlet
water temperatures for radiant heating (wall/ceiling). As the heated surface and
indoor air temperatures became stable within the band of 0.1 K/min, evaluations
were started.

The mass-flow rate of the provided water was approximated using the
ultrasonic flow meter with the uncertainty of +1%. 7, monitor and preciously
control the water temperature in the line, additional water temperature sensors were
positioned at the buffer tank. The control system of the test room includes two
separate systems which are Data Monitoring and Control System (DMCS) for the

enclosed zones and NI LabVIEW© system for the studied volume.

Table 9: Measurement Equipment

Measured Equipment Range Accuracy
Parameter

Air Temperature | 7, | K-Type Thermocouple | 10-50 +0.1°C
(9]

Surface Temperature | T K-Type Thermocouple | 10-50 +0.1°C
(9]

Water Temperature | 7,, | PT100 10-50 +0.1°C
(9]

Operative T, | Operative Temperature | 10-50 +0.1°C
Temperature (°C) Sensor
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Figure 14: Arrangement of the temperature transducers in the room.

Surface temperatures were taken from the midpoint of heated or unheated
surfaces with three thermocouples. The average value of the measurements is used

in the calculations. Detailed arrangement of the sensors is shown in Figure 14.
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4 NUMERICAL METHODOLOGY

4.1 Problem Definition

Computational Fluid Dynamics (CFD) methodology allows the analyze of
various thermo-fluid and heat transfer cases of heating, cooling, ventilation and air
conditioning systems and can be compared against the experimental data [62]. In
this chapter, a detailed numerical methodology is explained, and validation of the
test results are shown. In addition, mesh independence study is carried out.

All numerical analyses were conducted using the Academic version of
ANSYS 17.1, a commercial package program. It contains special modules for
different stages of the modelling process. After the three-dimensional room
geometry was created in the Design Modeler module, the meshing module was
applied to decomposition using the finite volume method. Numerical solutions were
made in Fluent, a widely used computational fluid dynamics module. The
temperature and velocity fields were visually inspected using CFD-Post software as
the final processor program. The natural convection was modelled using the
Boussinesq approach, and the standard A-& model which is a common numerical
solution and gives good results in the flow near the wall was picked to model
turbulence. The Discrete Ordinates model was used for radiative heat transfer,
although no scattering is considered numerical solution results were compared with

different mesh numbers and mesh independence was observed.
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4.2 Numerical Solution Method

4.2.1 Governing Equations

The behavior of fluids in a volume is defined mathematically based on the
following three laws of conservation equations governed. The total mass flow
through the surfaces of a very small control volume of the fluid is equal to the
change in mass within that volume over time. This law is known as conservation of
mass. For the same control volume; the total momentum flow across the surfaces
equals the change in momentum in volume over time. This also equals to the net
force applied to the volume, and it is called as the conservation of momentum. The
change in the total energy of the control volume element is equal to the sum of the
heat transfer amount and the work exchange on the volume element. This is the law
of conservation of energy. In this study, it is assumed that the flow is three-
dimensional, stable and the physical values such as flow density, viscosity and heat
transfer coefficient are constant. Accordingly, the conservation equations are
obtained as [63]:

The continuity equation is expressed as:

ou oOv ow
—+—+—=0 (12)
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Conservation of Momentum at x, y, z:
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4.2.2 Modelling of Natural Convection

In natural convection, flow motion is affected by gravity and density. The
increase of density can depend on several reasons, but the most common cause is
the temperature change. The change of the pressure inside and outside of the
boundary layer should be equal.

Inside the test chamber, natural convection occurs between air and panel
surfaces. The y-pressure gradient at any point in the boundary layer due to natural
convection on the panel must be equal to the pressure gradient in the stationary
region outside the boundary layer. However, v = 0 in this region, so the Eq. 13-b

becomes [64]:

ap
P Po8 (15)

If the Eq. 15 is substituted in Eq. 13-b, Equation 16 which is valid for every point
in the natural convection boundary layer, is obtained [64]. The first term on the right

side of Eq. 16 is the buoyancy force term.

ov ov  ov g o’v 0*v 0%
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4.2.2.1 The Boussinesq Model

In Eq. 15, natural convection can be modelled by taking the density constant
if a relationship can be established between the density change in the term of
buoyancy force and the temperature change. The Boussinesq model is constructed
by taking advantage of this relational volumetric thermal expansion coefficient (5)

depending on the temperature and density [64]:

__1.p 17
p--12), a)

In this equation, the partial derivative is converted to the difference expression by

moving from a reference density and temperature point:

pr_tBp__Lp=p (18)
pAT  pI,-T

Here the density difference in equation 15 is converted to the temperature

difference:

po—p=pBT-1) (19)

The equation 15, which is based on the Boussinesq approach, follows [64]:

2 2 2
u@va@er@:gﬁ(T—T;))Jrv(a v,o v+8 v

+ 20
ox Oy Oz 0’x 0%y 822) 20)

Using the Boussinesq model, faster convergence can be achieved in the
numerical solution since the density is fixed. This approach can be used as long as
the variations in air density and temperature are small such as: f (7-Ty) <1. The
parameters have to be defined for Boussinesq model during the numerical analysis

are as follows:
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e Ty, operating temperature

e py, constant density values that correspond to the 79

e /5, volumetric thermal expansion coefficient

By making ideal gas acceptance, the thermal expansion coefficient can be

calculated from the following equation:

1(op 1 p
ﬂ:—— B —— = — 2:
p\oT ), pRT

1)

~ =

Here, the constant temperature 7) is taken as the 7 temperature.

4.2.2.2 Natural Convection

The flow regime for natural convection is determined by Grashof number.
The Grashof number takes on the role of Reynolds number in forced convection in
natural convection. The Reynolds number indicates the ratio of inertial forces acting
on a fluid particle to the frictional forces. In contrast, the Grashof number is an
indication of the ratio of the buoyancy forces acting on the fluid to the frictional

forces [64]:

Gr, < 8P(L-T)L o)
1%

The Prandtl number is the ratio of the frictional forces to the thermal forces:

v

Pr= (23)

The transition region in a natural convection boundary layer depends on the
relative magnitude of the lift and friction forces in the fluid. This is usually
expressed in Rayleigh number. The Rayleigh number is equal to Grashof and

Prandtl numbers. The critical Rayleigh number for vertical plates is 10°, whereas
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for horizontal plates it is 10”. Above and below these values the flow is laminar or

turbulent [64]:

gB(T,-T )x’

Ra, =Gr, Pr=
va

~10’ for vertical plates (24-a)

3
Raxc:Gr“Pr:—gﬂ(Ts T )x
' ' va

~10’ for horizontal plates (24-b)

4.2.3 Modelling of Turbulence

The characteristic feature of turbulent flow is that the velocity field is fluctuating.

This character plays an important role in the efficient transport of quantities such as
momentum and energy. Because these fluctuations can be small-scale and high-
frequency, the numerical modelling of the flows in this feature requires high processing
capacity. Therefore, to require less processing capacity, the conservation equations are
written in terms of instantaneous variables which can be time-averaged or modelled in
small-scale structures [65]. However, these equations modified for turbulent flow do not
form a closed system of equations. The addition of a turbulent flow requires additional
variables to enter the equations, so that the number of unknown variables becomes
greater than the number of equations. For this reason, turbulence models have been
developed. Even though turbulence may play a small role in natural convection, it is
considered here for the sake of completeness.
Some of common turbulence models are listed below [65]:

e Spalart-Allmaras model

e /- models

o Standart k- model

o Renormalization-group (RNG) k-¢ model
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o Realizable k-¢ model
e k- models
o Standart k- w model
o Shear-stress transport (SST) k- @ model
e Reynolds stress model (RSM)
o Linear pressure-strain RSM model
o Quadratic pressure-strain RSM model
o Low-Re stress-omega RSM model
e Detached eddy simulation (DES) model
e Large eddy simulation (LES) model

In this thesis, the turbulence is modelled with the k-¢ model that is one of the
two-equation models in which the solution of two separate transport equations allows
the turbulent velocity and length scales to be independently determined. The standard
k-¢ model in ANSYS FLUENT falls within this class of models and has become the
workhorse of practical engineering flow calculations in the time since it was proposed
by Launder and Spalding [66]. Robustness, economy, and reasonable accuracy for a
wide range of turbulent flows explain its popularity in industrial flow and heat transfer
simulations. It is a semi-empirical model, and the derivation of the model equations
relies on phenomenological considerations and empiricism.

The standard k-¢ model [66] is a semi-empirical model based on model transport
equations for the turbulence kinetic energy (k) and its dissipation rate (¢). The model
transport equation for & is derived from the exact equation, while the model transport
equation for ¢ was obtained using physical reasoning and bears little resemblance to its

mathematically exact counterpart.
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In the derivation of the k-¢ model, the assumption is that the flow is fully
turbulent, and the effects of molecular viscosity are negligible. The standard k-& model
is therefore valid only for fully turbulent flows. The turbulence kinetic energy, k, and its

rate of dissipation, &, are obtained from the following transport equations [65]:

d d d 4\ ok

—(pk)+—(phu,) = —| | u+£L | == |+ G, + G, — ps Y,

81('0) ox, (pku;) ox, Kﬂ Ukjaxj:l kT Oy = PET Ly (25-a)
d o d u | o¢ € &*
—(pe)+—(peu,)=—| | u+ | = |+ C\, = (G, + C;,G,) - C,, p—
6t(ps) ax,.(p u;) aijﬂ ajale e k( v +C3.Gp) 2P~ (25-b)

In these equations Gy represents the generation of turbulence kinetic energy due
to the mean velocity gradients, G, is the generation of turbulence kinetic energy due to
buoyancy, Y represents the contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate, Cr,, Cz;, Cs. are constants, ox and o, are the
turbulent Prandtl numbers for £ and &, respectively.

The turbulent (or Eddy) viscosity u;is computed by combining &k and ¢ as follows:

k2
H = pC/J - (26)
&

where C, is a constant. The model constants and Ci¢, C2:, Cu, ok and o; have the
following values [65] Ci. = 1.44, C2:=1.92, C, =0.09, ox = 1.0, g; = 1.3 These default
values have been determined from experiments with air and water for fundamental
turbulent shear flows including homogeneous shear flows and decaying isotropic grid
turbulence. They have been found to work well for a wide range of wall-bounded and
free shear flows.

We note that for the majority; if cases studied in this thesis, turbulence makes very small

input. These equations are added only for the sake of complete analyses.
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4.2.4 Modelling of Radiation

The effect of radiation must be considered in a room conditioned by radiative
heaters. When radiant heating systems applied in a space, the heat transfer ratio via
radiation becomes equal to %50 or greater.

Below, governing equations for radiative transfer in absorption, scattering and
medium is given. Note that in the system considered there are no scattering particles;
therefore, scattering is not accounted for. Nevertheless, we provide a detailed
analysis first, which is simplified subsequently. The net heat flow through the
radiation is obtained by solving an integro-differential equation called the Radiative
Transfer Equation (RTE). RTE refers to the variation along the path of the intensity
of spectral radiation in an environment [65]. The radiative transfer equation (RTE)
for an absorbing, emitting, and scattering medium at position 7 in the direction §
is:

i e s

|
| —

Aosorong

M_F{nl.—\f(aa

ds 27)

g ocatlering

Here, 7 is the position vector, s is the direction vector, s is the propagation
direction vector, s is the path taken, a is the absorption coefficient, n is the refractive
index, as is the propagation coefficient, ¢ is the Stefan-Boltzmann constant, 7 is the
temperature, @ is the phase function, and Q is the solid angle [67].

Since no scattering is present we can use a simplified discrete ordinates (DO)
radiation model, which is reduced to discrete transfer radiative model. In this study DO

model is used in ANSYS Fluent.
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4.2.4.1 Discrete Ordinates Method:

The discrete ordinates (DO) radiation model solves the radiant heat transfer
equation for discrete solid particle angles in finite number, each related to the 5 vector
direction specified in the global cartesian system. The DO model transforms the RTE
into a transport equation written for radiation intensity and solves this equation for all
directions. This model incorporates scattering, semi-transparent media, reflecting
surfaces and dependence on wavelength, and is a conservative method that can provide
heat balance for coarse splitting. In addition to this, sensitivity can be increased by fine

discretization [65].

Figure 15: Discretization of angular space [65].

Angular discretization is controlled by the parameters Theta Division (Nyg) and
Phi Division (N,). These parameters specify the number of control angles used to
separate each 1/8 of the angular space that is shown in Fig. 15. Each discrete ordinate is
in the same direction as the radiation in a solid angle. The angles € and ¢ are the polar
and azimuthal angles respectively. These angles are measured with respect to the global
cartesian system (x,),z) and is presented in Figure 1. Azimuth angle is 0 <¢ <27 and the

polar angle is 0 <6 <z / 2.
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Figure 16: Presentation of ¢ and 6 angles on coordinate system [65].

The Discrete Ordinate radiation model can solve the problem of fluid or solid
media on both sides of non-transparent walls. Some of the radiation energy that comes
to the non-transparent wall surface is reflected to the surrounding wall, and some of it

is absorbed by the wall, and this energy balance can be expressed as [65]:

q emission
»
~

-

9in,a r

reflected, specular
A qin, a
/absurhed

reflected, diffuse

Medium a:
Adjacent fluid or solid

Figure 17: Schematic of radiation on an opaque wall in ANSY'S Fluent [65].

The schematic in Figure 17 shows incident radiation g,, ,on side “a” of an

opaque wall. Some of the radiant energy is reflected diffusely and specularly, depending

on the diffuse fraction f, for side “a” of the wall that you specify as a boundary

condition. Some of the incident radiation is absorbed at the surface of the wall and some

radiation is emitted from the wall surface. The amount of incident radiation absorbed at
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the wall surface and the amount emitted back depends on the emissivity of that surface
and the diffuse fraction. Radiation is not transmitted through an opaque wall [65].
Radiant incident energy that impacts an opaque wall can be reflected to the

surrounding medium and absorbed by the wall. The radiation that is reflected can be

diffusely reflected and/or specularly reflected, depending on the diffuse fraction f,. If
q,,1s the amount of radiative energy incident on the opaque wall, then the following

general quantities are computed by ANSYS Fluent for opaque walls [65]:

Emission from the wall surface Gorivsion =1°8,0T (28-a)
Diffusely reflected energy Gororved = S (1= €4, (28-b)
Specularly reflected energy Qaigisery repiecea = A= FD)A=8,)q,,  (28-¢)
Absorption at the wall surface D specutariy refiected = Exin (28-d)

Where f, is the diffuse fraction, n is the refractive index of the adjacent
medium, ¢, is the wall emissivity, o is the Stefan-Boltzmann Constant, and 7, is the

wall temperature.

4.2.4.2 Validation of Discrete Ordinates Method:

In this part, the discrete ordinates model, which is used to model radiation in
numerical solutions, and the analytical calculation method are compared on a simple
example problem. Here, a simple cube-shaped room with a heating surface of at a high
temperature was considered. The radiation heat transfer amount from the heating surface

to other cold surfaces was taken into consideration.
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Figure 18: Minimized room model.

The analytical calculations were made for the room shown in Figure 19 with
dimensions of 0.5m x 0.5m x 0.5m. The wall surface material was taken as gypsum and
the hot surface was accepted at 310 K and the cold surfaces at 285 K temperature. Since
the room is a closed volume, the net heat transfer with cold surface radiation from the

hot surface is calculated by Equation 29 [64].

g . = Ebl — Eb2
o l1—g PR St (29)
Algl A1E2 A282

Here, the emissivity values of wall surfaces are determined as ¢; = ¢2 = 0.85. If
the temperatures of the cold surfaces are equal, the shape factor is ;> = 1. The hot

surface area 4; = 0.25 m? and the sum of the cold surface areas 4> = 1.25 m’. E,,

radiation power of the surface is calculated by Equation 30.
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E,=oT* (30)

Total resistance in the thermal circuit is calculated as follows:

Zth + -
0.25-0.8 0.25-1 1.25-0.8

Heat transfer amount from heating surface to cold surfaces found with the analytical

1-0.8 1 1-0.8
=52m’-K/W

calculations:

s

67-10%-(310%-285%)
=28.76 W

rad

geometry is modelled in ANSYS Fluent Software and the same boundary conditions

were defined. As mentioned above discrete ordinates model was selected as the radiation

model.

were selected as default values that are acceptable values for many engineering

5.2

For the comparison of analytical and numerical results. Minimized room

ANSYS

R17.2
Academic

Radiation Model X

Model Iteration Parameters
Q off Energy Iterations per Radiation lteration[10 (3]
O e ‘Angular Discretization Non-Gray Model
() Discrete Transfer (DTRM)  Theta Divisons[2 Numnber of Bands[0 ]
O surface to surface (528)  phiDwisons2____ 2]
(@ Discrete Ordinates (DO) —_ Plxeb
[ poyenergy couping Phipxes[l  [2]
Solar Load
Model
@ off
() Solar Ray Tracing
O DO Iradiation

Figure 19: Parameters of DO radiation model.

The angular separation parameters Theta Divisions (Ny) and Phi Divisions (N,)

problems [65] shown in Figure 20.
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Figure 20: Wall boundary conditions.

Figure 21 shows the temperature and emissivity values of the wall surfaces
defined as the boundary condition in the program. Walls are provided with a constant
surface temperature boundary condition.

The amount of heat transfer with radiation in the numerical analysis results was

found to be 28.41 W. Numerical solution and analytical solution have less than 1%

55



difference between them. Since this difference is quite small, the decision to use DO

model is validated.
4.3 Modelling of Test Chamber

All numerical work has been done by using the academic edition of ANSYS Fluent

17.2. Numerical modelling steps are given in Figure 23.

v - A - A

: ST ST | BT
2 | @) Geometry v | 2 @ Geometry v 4 2 @ Geometry v g
3|@ Mesh v 4 3|@ mesh v |3 @ mesh v s
4 @ setw v 4 4 @ setp v 4 4[@ sewp i
5 | @@ Solution v 4 5 @@ Solution v 4 5§ soluton v
6 @@ Results v , 6 @ Resits v 4 6 @ Resilts v .

- A - A
O  ET

2 @9 Geometry v , 2|0 Geometry v
3 @ Mesh v , 3@ Mesh AP
4 ﬁ Setup v 4l a Setup v oy
5 |§8 Soluton ./‘J 5§ Soution Vo
6 @ Resuts \/AGIORmJts v .

Figure 21: Numerical Study Solution Schematic.
4.3.1 Geometry

First, Design Modeller is used as the design tool of the software and it is used
to create geometry of test chamber. The test volume is modelled by a floor area of
16 m2 (4.00 m % 4.00 m) and an internal height of 3.00 m. Modelled geometry is

shown in Figure 22.
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Figure 22: 3D Model of Test Chamber.

4.3.2 Mesh

In the meshing module, discretization was performed using the finite volume
method. Numerical solutions were made in Fluent, a widely used computational
fluid dynamics software. The temperature and velocity fields were visually

inspected using CFD-Post software as a final step.

ANSYS

R17.2

Academic

0000 2,000 4,000 (m)
I e )
1,000 3,000

Figure 23: Numerical Solution Grid- Meshing.
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The room volume is divided into 183582 elements. The minimum and maximum

skewness of the elements is 0.000048896 and 0.19872 (Figure 23).

Statistics Statistics
MNodes 193536 Nodes 193536
Elements 183582 Elements 183582
Skewness | T o rooon cuty |
Min 4,8896e-005 Min 0,94716
Max 0,19872 Max 1,
Average 2,7172e-003 Average 0,99965
Standard Deviation 1,4525e-002 Standard Deviation 2,8233e-003

Figure 24: Meshing Statistics

It can be seen in Figure 25 that the entire solution network consists of six-prism

elements. This is an indication of the smoothness of the solution grid.
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125000,00
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25000,00

0,00 003 0,05 008 0,10 0,13 015 018 020
Element Metrics

Figure 25: Element Metrics.

Mesh statistics is important to understand the mesh quality. A quick and easy
inspection can be done via checking the minimum orthogonal quality statistics that
should be greater than 0.1 (Figure 26) and maximum skewness that should be less

than 0.95 (Figure 27).
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Excellent Very good Good Acceptable Bad Unacceptable
0-0.25 0.25-0.50 0.50-0.80 0.80-0.94 0.95-0.97 0.98-1.00

Figure 26: Skewness mesh metrics spectrum [68].

Unacceptable Bad Acceptable Good Very good Excellent
0-0.001 0.001-0.14 0.15-0.20 0.20-0.69 0.70-0.95 0.95-1.00

Figure 27: Orthogonal quality mesh metrics spectrum [68].
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Figure 28: Named Selections.
4.3.3 Boundary Conditions and Solution Methods

Pressure-based model was chosen as solver type in solver settings. All of the
analyses were carried out in consideration of the steady state. Natural convection in
analysis is performed in the room model, gravity is defined as -9.81 m/s? in y
direction.

The energy model has been activated, because the heat transfer among the

surfaces occurs via radiation and convection. The radiation model has been
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activated. The discrete ordinates (DO) model was chosen as the radiation model. &-
& model is chosen for the modelling of turbulence.

Multi-climate test chamber has different volumes that simulate climatic
conditions. It was described in the first chapters. Boundary conditions of numerical
model are defined according to the experimental work. Multi-climate test chamber
was set to a winter day conditions. Test volume has surrounded with facade room
that simulates the outside conditions of a winter day. The air temperature of facade
room has been set to -3°C and %80 of relative humidity. Interior volume that
simulates the internal partition inside a house and air temperature is set to 20°C. The
floor volume is also set to an internal condition assumed that the space is occupied,
and air temperature is set to 20°C. The ceiling volume was set to simulate outside
conditions that has -3°C of air temperature.

Heating surface is set to a constant temperature of 303.2 K according to the
experimental study. At first, the heating case was chosen as wall heating
configuration to validate the simulation model. The air properties are shown in
Table 10.

The Solution method has been selected as the SIMPLE. The SIMPLE
scheme is the default method, and many are used to solve industrial problems [65].
As a discretization method Second Order Upwind and Body Force Weighted
methods have been selected. Body Force Weighted method gives more accurate

results for both natural convection and axisymmetric swirl flows [65].

Table 10: Properties of air at 293.15 K.

Density (kg/m3) 1.225
Specific Heat Cp (J/kgK) 1006.43
Thermal Conductivity (W/mK) 0.0242
Viscosity (kg/ms) 0.01789
Thermal Expansion Coefficient (1/K) 0.003367
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4.3.4 Validation of Numerical Model

The average temperature values of the experimental measurements made
from the surfaces were used in the numerical model. The test chamber was kept
conditioned for the time of 6 hours before the measurements for achieving thermal
stability. It was confirmed that it became stable, and then the measurements were
done for 20 minutes. The steady-state condition of the system has increased the
reliability of the measured values and reduced the standard deviation of the
measurements. The standard deviation of the experimental results was found to +0.3
°C.

When the experimental data were compared with the average surface
temperature values obtained from the numerical model in which the experimental
conditions were modeled, the discrepancy of the data was found to be less than 10%.
It is possible to say that the numerical model made for this reason has been
confirmed by experimental data. The validation of numerical model was done for
both wall heating and ceiling heating cases. Each of them was validated.

4.3.4.1 Wall Heating Case

Numerical model was developed according to the boundary conditions
shown in Table 13. that was taken from the experimental study for wall heating

scenario.
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Table 11: Boundary Conditions for Wall Heating Case, Standard Deviation is equal to

+0.3°C.
Boundary Conditions
k Wall Temperature | Emmissivity
Surf:
uriaces (W/mK) | Thickness K)
(m)
Ceiling Radiant Panels 0.024 0.08 270.6 £0.3 0.9
Ceiling Unheated 1-2 0.024 0.08 270.6 0.3 0.9
Floor 0.024 0.04 292.9 +0.3 0.9
North Wall 0.052 0.13 270.6 0.3 0.9
Wall Radiant Panels 0 0 303.2+0.3 0.8
Unheated Wall 0.04 0.016 270.6 +0.3 0.9
East Wall 0.032 0.04 293.1 +0.3 0.9
South Wall 0.032 0.04 293.1 +0.3 0.9
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Figure 29: Experimental-Numerical Results, Standard Deviation is equal to +£0.3°C.

Validation of numerical model was successful. The data comparisons are

shown in Figure 29 and Table 11.
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Table 12: Experimental/Numerical Results, Standard Deviation is equal to +0.3°C.

T Surfaces | Experimental (K) | Numerical (K)
Ts north 293.7 +£0.3 293.9
Ts_south 294.7+£0.3 294.8
Ts east 294.0 £0.3 294.6
Ts west 303.2+0.3 303.2
Ts west unheated | 296.2 £0.3 293.6
Ts ceiling 293.8 +0.3 293.9
Ts ceiling unheated | 293.8 £0.3 293.5
Ts floor 293.7+£0.3 295.1
T air 294.7 £0.3 294.8
T mr 295.0 £0.3 295.0

4.3.4.2 Ceiling Heating Case

Numerical model was developed according to the boundary conditions
shown in Table 13. that was taken from the experimental study for ceiling heating

scenario.

Table 13: Boundary Conditions for Ceiling Heating Case, Standard Deviation is equal

to 0.3 C

Boundary Conditions

Surfaces k Wall Temperature | Emmissivity
(W/mK) | Thickness (K)

(m)
Ceiling Radiant Panels | 0 0 295.2+0.3 0.8
Ceiling Unheated 1-2 | 0.024 0.08 270.6 £0.3 0.9
Floor 0.024 0.04 292.9 +0.3 0.9
North Wall 0.052 0.13 270.6 +0.3 0.9
Wall Radiant Panels 0.04 0.016 270.6 £0.3 0.8
Unheated Wall 0.04 0.016 270.6 £0.3 0.9
East Wall 0.032 0.04 293.1 +£0.3 0.9
South Wall 0.032 0.04 293.1 +0.3 0.9
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Validation of numerical model for ceiling case is also successful. The comparisons
are shown in Figure 30 and Table 14.

Table 14: Experimental/Numerical Results (Ceiling), Standard Deviation is equal to

+0.3°C.
Results
T Surfaces Experimental (K) | Numerical (K)
Ts north 292.8+£0.3 292.9
Ts_south 293.8 £0.3 294.4
Ts east 294.0 £0.3 294.4
Ts west 293.1+0.3 292.9
Ts west unheated | 293.1 £0.3 293.1
Ts_ceiling 298.2 £0.3 298.2
Ts ceiling unheated | 296.6 £0.3 292.9
Ts floor 292.1 +£0.3 294 .4
T air 293.4 +0.3 293.7
T mrt 294.3 £0.3 294.6
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Figure 30: Experimental-Numerical Results (Ceiling), Standard Deviation is equal to
+0.3°C
4.3.4.3 Mesh Independence Test

Validated model has compared with different meshed models. The following
number of elements were applied in the meshing tool of Fluent: 96900, 139707,

183582, 232356 and 384000. The mesh statistics are given below in Table 15.
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Table 15: Mesh Statistics.

Mesh (-2) | Statistics
MNodes 103428
Elements 96900
Mesh Metric Skewness
Min 1,6644e-004
Max 3,3475e-002
Average 6,4889e-003
Standard Deviation |5,0603e-003
Mesh (-2) | Statistics
Nodes 148016
Elements 139707
Mesh Metric Skewness
Min 4,3799e-005
Max 3,5173e-002
Average 3,0966e-003
Standard Deviation | 3,8476e-003
Mesh(0) | statistics
MNodes 193536
. Elements 183582
Vahdated Mesh Metric Skewness
Min 4,8896e-005
CFD Max 0,19872
Average 2,7172e-003
Standard Deviation |1,4525e-002
Model
Mesh (-2) | Statistics
MNodes 243984
Elements 232356
Mesh Metric Skewness
Min 7,2691e-005
Max 0,29135
Average 5,8051e-003
Standard Deviation |2,3453e-002
Mesh (-2) | Statistics
MNodes 400221
Elements 384000
Mesh Metric Skewness
Min 1,3057e-010
Max 1,3874e-003
Average 1,1791e-005
Standard Deviation | 1,0483e-004
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Figure 31: Mesh Independency comparison.

In the results, the maximum standard deviation was obtained as +0.8°C. The
difference between the results is less than %5. The mesh tests show that the model

is mesh-independent. It can be also seen in Fig. 31.
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5 RESULTS AND DISCUSSION

5.1 Radiant Heating Experimental Comfort Evaluation Results

The experimental study has three different heating configurations. Since the
heating application was evaluated, the multi-climate test chamber was set to a winter
day conditions. Test volume has surrounded with facade room that simulates the
outside conditions of a winter day. The air temperature of facade room was set to -
3°C and %380 of relative humidity. Interior volume that simulates the internal
partition inside a house and air temperature is set to 20°C. The floor volume was
also set to an internal condition assuming that the space was occupied, and air
temperature was set to 20°C. The ceiling volume was set to simulate outside

conditions that has -3°C of air temperature.

West Wall

Ceiling Volume -3°C Fagade Room -3°C

Interior Room 20°C

Floor Volume 20°C

Figure 32: Boundary Conditions of Test Volume.

Boundary conditions of conditioned volumes are presented in Figure 32. The

illustration of three different heating configurations is illustrated in Figure 33.
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Figure 33: Experimental Study Cases: Wall Heating Case, Ceiling (12P) Heating
Case, Wall and Ceiling (12P) Heating Case.

At the beginning point of the study PMV and PPV calculations were done
according to the experimental results. Experimental results can be seen in Table 17.
Preliminary comfort analysis was done with the parameters are shown in Table 16. The
results are given in Table 18. Air velocity value was assumed to be 0.1 m/s. This thermal
comfort analysis is a preliminary work to understand which cases roughly provide
comfort. Later, selected cases were validated with numerical model and using numerical

model, different case studies were evaluated.

Table 16: Calculation Parameters to Calculate PMV and PPD.

Parameter Input
Clothing (clo) 1

Air temp. (°C) [19.9 to 33.8 °C]
Mean radiant temp. (°C) [20.1 to 30.5 °C]
Activity (met) 1.2

Air speed (m/s) 0.1
Relative humidity (%) 50%
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Table 17: Experimental Results, Standard Deviation is equal to +0,3°C.

Wall Ceiling (12 Panels) Wall+Ceiling (12
O
Panels)
Cl |[C2 |C3 | C4 | G5 Cl |C2 [ C3 [c4 |C5 |l C2 | C3
Wall_Twin 30.0 | 34.1 | 39.5 1449 493 | x X X X X 30.0 | 34.8 | 40.0
+0.3
Wall_Twout 29.4 | 337 | 384 | 435479 | x X X X X 29.6 | 343 392
+0.3
Ceiling Twin | x X X X X 30.1 | 35.1 | 40.2 | 44.8 | 50.7 | 30.1 | 35.2 | 40.5
+0.3
Ceiling Twout | x X X X X 295|344 1394 | 43.7 1492|295 | 343 | 39.2
+0.3
Ts north £0.3 | 19.0 | 20.5 | 22.3 | 244 | 26.0 | 19.7 | 24.4 | 29.1 | 30.8 | 33.8 | 23.8 | 25.6 | 274
Ts south+0.3 | 19.9 | 21.5 | 23.2 | 253 | 26.8 | 20.7 | 253 | 29.7 | 31.4 | 344 | 24.6 | 264 | 284
Ts_east +£0.3 18.8 1 20.9 | 23.1 | 252 | 26.7 | 20.8 | 253 | 29.8 | 31.5 | 344 | 24.6 | 264 | 28.2
Ts_west £0.3 26.5 | 30.1 | 344 | 38.6 | 41.3 | 199 | 248 | 29.7 | 31.5 | 34.5|28.5 | 32.3 | 36.1
Ts_west_un 213 1 23.1 | 25.6 | 284|302 | 199 | 248 | 29.7 | 31.5 | 345|254 | 27.7 | 30.0
+0.3
Ts_ceiling 19.0 | 20.6 | 22.5 | 24.7 | 26.3 | 25.0 | 30.3 | 349 | 39.2 | 44.7 | 28.7 | 329 372
+0.3
Ts_ceiling un | 19.0 | 20.6 | 22.5 | 24.7 | 26.3 | 23.4 | 284 | 33.6 | 35.7 | 39.0 | 25.8 | 28.6 | 31.4
+0.3
Ts_floor +0.3 19.3 1 20.6 | 22.1 | 239 | 254 | 189 | 234 | 27.8 | 28.7 | 30.8 | 23.1 | 243 | 25.6
T air +0.3 199 | 21.6 | 23.5 | 263 | 272 | 20.2 | 24.8 | 293 | 30.9 | 33.8 | 24.5 | 26.7 | 28.9
T mrt +0.3 20.1 | 21.9 | 23.7 | 26.6 | 27.6 | 21.1 | 26.1 | 30.8 | 32.6 | 35.6 | 25.5 | 28.0 | 30.5
T Vol_ceiling | -2.5  -3.0 | -3.1 |29 |26 |-30 |-26 |-28 | -29 |-29|-25 | -29 |-29
+0.5
T_Vol_floor 19.8 | 19.7 | 19.7 1 19.8 | 19.7 | 19.7 / 19.7 | 19.6 | 19.7 | 19.7 | 19.8 | 19.8 | 19.8
+0.5
T_Vol_outer 28 |-30 |31 |-29|-29 |-30 | -26 -28|-29 |29 |26 |29 -29
+0.5
T_Vol_inner 19.7 1 199 | 199 | 199 | 19.7 | 24.0 | 20.1 | 20.1 | 20.1 | 19.8 | 20.1 | 20.1 | 20.0
+0.5
100
80
[=]
o \ /
40
) \\ //
——————— =2
0 : ‘ — :
3 25 45 1 05 0 05 1 15 2 25 3
PMV

Figure 34: Neutral Conditions: PMV=0 PPD=5.
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Table 18: PMV-PPD Results of Experimental Data.

Wall Ceiling Wall+Ceiling
Cl1 C2 C3 |C4 |C5 |C1 |C2 |C3 |Cc4 |[C5 |Cc1 |2 |c3
T air 19.9 21.6 | 235|263 (272|202 |24.8 293|309 338245267 |289

+0.3

T mrt 20.1 219 | 23.7]26.6|27.6|21.1]26.1|308]32.6|356]|255]|28.0 305
+0.3

RH 50 50 50 |50 |50 50 50 50 50 50 |50 |50 50
Air 0.1 0.1 01 (01 jo1 |01 |01 (01 |01 (01 |01 [0.1 |O0.1
Velocity

Clothing | 1 1 1 1 1 1 1 1 1 1 1 1 1

Activity 1.2 1.2 12 |12 |12 (12 |12 |12 |12 |12 |12 |12 1.2

PMV -0.3 0.0 05 | 1.1 |13 (-02109 (19 |23 |30 |08 |13 1.8

PPD 7.3 5.0 9.2 305|408 |58 |206]|72.1|88.6|992]|17.2|39.2 | 68.1

5.2 Radiant Heating Numerical Comfort Evaluation Results

In this chapter simulation results for the measurement point are shown. After that,
results are evaluated in terms of comfort metrics Fanger’s comfort model and Shukuya’s
human exergy balance model. Later on, air velocity streamlines, temperature contours

and vertical air difference in all cases are discussed.

5.2.1 Wall Heating

After the validation of numerical model, thermal comfort assessment is done
for 3 different wall temperatures. Radiant wall heating surface temperatures were
set to 20°C, 25°C and 30°C in numerical model. Vertical air temperature values
were taken for all cases from the numerical simulation results. PMV-PPD values
were calculated and human body exergy balance calculations were done as it was
explained in previous chapters. The average surface temperatures and air velocity
values were taken from the simulation results. Wall heating numerical results are

shown in Table 19.
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Table 19: Wall Heating-Numerical Results

Temperature (K)
Named Sections Casel | Case2 | Case3
ceiling unheated1 288.4  1290.7 |293.1
ceiling radiant panels 288.9 |291.4 |293.8
ceiling unheated?2 289.0 |291.4 |293.8
east_wall 290.2 12924 |294.6
floor 290.2 [292.5 [295.0
north wall 288.9 12914 |293.9
south wall 290.2 [ 292.5 | 294.7
unheated wall 288.8 [ 291.1 |293.5
wall radiant Panels 293.2 [ 298.2 |303.2
T air 289.8 2923 |294.7
T=mr 289.9 12924 |295.0

Air Velocity (m/s)
V air 0.02 0.05 0.01

Numerical simulation was run for three cases. For each case the average wall
surface temperatures were calculated in CFD-Post module. Air velocity and air
temperature value is taken from the centre of room.

In Figure 35, In the Figure 36 and Figure 37 the temperature distributions of the
surfaces of the room were examined as a result of the numerical study. The lowest
temperature values were measured on the ceiling surface. The north and west wall
surfaces had the slightly higher average temperature than ceiling. It is because the
boundary conditions that the air temperature of facade room was set to -3°C, interior
volume that simulates the internal partition inside a house and air temperature was set
to 20°C, the floor volume was also set to an internal condition assumed that the space

was occupied, and air temperature was set to 20°C. The ceiling volume was set to
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simulate outside conditions that has -3°C of air temperature of fagade walls (west and
north walls) and ceiling surface that also had outside condition lower temperature
distribution relatively. The highest temperature value was the surface on which the
radiant heating is made. Surfaces that do not have a radiant wall panel naturally have a

lower temperature.

.y

Figure 35: Temperature distribution on surfaces (Wall heating surface temperature is

set to 20°C).

Figure 36: Temperature distribution on surfaces (Wall heating surface temperature is

set to 25°C).
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Figure 37: Temperature distribution on surfaces (Wall heating surface temperature is

set to 30°C).

In the Figure 38, Figure 39 and Figure 40 volumetric temperature distribution of
room air can be seen. Numerical results show that the room has quite homogeneous air
distribution as it was expected. Since there is not any air-forced heating equipment
inside the room local comfort parameters can be better provided and the main heat

exchange inside the room occurs via radiation.

Figure 38: Volumetric Temperature distribution of room air volume (Wall heating

surface temperature is set to 20°C).
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Figure 39: Temperature distribution of room air volume (Wall heating surface

temperature is set to 25°C).

Figure 40: Temperature distribution of room air volume (Wall heating surface

temperature is set to 30°C).

In the Figure 41, Figure 42, Figure 43, three different planes located at z=1, z=2,
z=3 were examined to understand temperature distribution. Local temperature
difference is found less than 3°C. Therefore, we can say that distribution on these planes

are also homogeneous.
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Figure 41: Temperature distribution at z=1, z=2, z=3 (Wall heating surface

temperature is set to 20°C).

Figure 42: Temperature distribution at z=1, z=2, z=3 (Wall heating surface

temperature is set to 25°C).
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Figure 43: Temperature distribution at z=1, z=2, z=3 (Wall heating surface

temperature is set to 30°C).

In Figure 44, Figure 45, Figure 46, two different planes located at y=1, y=2 were
examined to understand temperature distribution on different levels of height. The
temperature difference is found less than 3°C. Therefore, we can say that distribution

on these planes were found quite uniform.

Figure 44: Temperature distribution at y=1, y=2 (Wall heating surface temperature is

set to 20°C).
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Figure 45: Temperature distribution at y=1, y=2 (Wall heating surface temperature is

set to 25°C).

Figure 46: Temperature distribution at y=1, y=2 (Wall heating surface temperature is

set to 30°C).

Figure 47, Figure 48, Figure 49 show the velocity streamlines and its
distributions. Velocity values are less than 0.1 m/s which is the passive effect of radiant
systems. Because of we do not have any air-forced heating system, heat exchange occurs
mostly via radiation. We can see the streamlines as an effect of natural convection and

velocity vectors are improved when the heating surface temperature goes higher.
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Figure 47: Velocity streamlines (Wall heating surface temperature is set to 20°C).

Figure 48: Velocity streamlines (Wall heating surface temperature is set to 25°C).

Figure 49: Velocity streamlines (Wall heating surface temperature is set to 30°C).

To sum up all simulations done for wall heating case. Numerical analysis
was carried out at 3 different surface temperatures for the wall heating case. Heating

surface temperatures were set to 20°C, 25°C and 30°C. Simulation results show that
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the temperature inside the room is quite homogeneous. This is because of the
heating occurs mostly via radiation (> 50%). There is no equipment in the room that
increases air movement. Because of that, air velocity which is very important for
comfort, is lower than 0.1 m/s for each case. Low air velocity which provides better
comfort is one of the most characteristic features of radiant systems. It also helps to
create healthy environmental quality via blocking the transportation of the dust in
air.

5.2.2 Ceiling Heating

Ceiling heating scenarios were separated into two parts: first of all, heating case

was simulated as 5-panel ceiling and secondly heating case was simulated for whole
ceiling (12 Panels). The main aim of the first case in which 5 panels of the ceiling were
active, was to compare ceiling and wall heating cases when both have the same heating
surface area.
After the validation of numerical model, thermal comfort assessment is done for 3
different ceiling temperatures. Radiant surface temperature on (5P) ceiling was set
to 20°C, 25°C and 30°C. For all case vertical air temperature values are taken from
the numerical simulation results. PMV-PPD values and human body exergy balance
calculated as it was explained in previous Chapters.

5.2.2.1 First Scenario: Ceiling Heating with S Panels

As it was mentioned before that the reason to simulate partial ceiling case
was important to compare the wall and ceiling performance in terms of comfort.
Thus, ceiling heating surface area (5 Panels) modelled as equal as the wall heating
area that was 6 m?. Vertical air temperature values were taken for all cases from the
numerical simulation results. PMV-PPD values were calculated and human body

exergy balance calculations were done as it was explained in previous Chapters.
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The average surface temperatures and air velocity values were taken from the

simulation results. Ceiling heating (5P) results are shown in Table 20.

Table 20: Ceiling Heating (5P) Numerical Results.

Temperature (K)
Named Sections Casel | Case2 | Case3
ceiling unheatedl 287,4 289.7 |291,9
ceiling radiant panels 2932 298,2 | 3032
ceiling unheated?2 288,1 290,3 | 292,6
east wall 289,4 291,7 | 2939
floor 289,1 291,5 | 293,9
north wall 287,4 289,7 |292,0
south wall 289.4 291,6 | 293,7
unheated wall 287,6 290,1 | 292,5
wall radiant Panels 287,7 290,2 | 2925
T air 299,6 | 293,7 |290,3
T=mr 298,9 2943 | 291,0

Air Velocity (m/s)
V air 0.02 0.03 0.07

In the Figure 50, Figure 51 and Figure 52, the temperature distributions of
the surfaces of the room were examined as a result of the numerical study. The
lowest temperature values were measured on the unheated part of the ceiling. North
and west wall surfaces were measured slightly higher than the unheated parts of
ceiling. The temperature distribution for all cases can be seen in the Figures 50, 51,
52. The boundary conditions which are the surrounding volumes of test room have
significant effect on surface temperature contours. The air temperature of facade
room was set to -3°C. Interior volume that simulates the internal partition inside a
house and air temperature is set to 20°C. The floor volume was also set to an internal

condition assuming that the space was occupied, and air temperature was set to
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20°C. The ceiling volume was set to simulate outside conditions that has -3°C of air
temperature of fagade walls (west and north walls) and ceiling surface that also had
outside condition lower temperature distribution relatively. The highest temperature
value was the surface on which the radiant heating is made. Surfaces that do not

have a radiant panel naturally have a lower temperature profiles.

Figure 50: Temperature distribution on surfaces (5 Panel-Ceiling heating surface

temperature is set to 20°C).

Figure 51: Temperature distribution on surfaces (5 Panel-Ceiling heating surface

temperature is set to 25°C).
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Figure 52: Temperature distribution on surfaces (5 Panel-Ceiling heating surface

temperature is set to 30°C).

In Figure 53, Figure 54 and Figure 55 volumetric temperature distribution of
room’s air can be seen. Numerical results show that room has quite homogeneous air
distribution as it was expected. Since there is not any air-forced heating equipment
inside the room local comfort parameters can be better provided and the main heat
exchange inside the room occurs via radiation. When we compare the wall heating and
ceiling heating cases (5P), it is considered that wall heating case has more homogenous

volumetric contour even the heating surface area of both cases were equal.

Figure 53: Temperature distribution of room air volume (5 Panel-Ceiling heating

surface temperature is set to 20°C).
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Figure 54: Temperature distribution of room air volume (5 Panel-Ceiling heating

surface temperature is set to 25°C).

Figure 55: Temperature distribution of room air volume (5 Panel-Ceiling heating

surface temperature is set to 30°C).

In Figure 56, Figure 57, Figure 58, three different planes located at z=1, z=2, z=3
were examined to understand temperature distribution. Local temperature difference is
found less than 3°C. Therefore, we can say that distribution on these planes are also

homogeneous
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Figure 56: Temperature distribution at z=1, z=2, z=3 (5 Panel-Ceiling heating surface

temperature is set to 20°C).

Figure 57: Temperature distribution at z=1, z=2, z=3 (5 Panel-Ceiling heating surface

temperature is set to 25°C).

Figure 58: Temperature distribution at z=1, z=2, z=3 (5 Panel-Ceiling heating surface

temperature is set to 30°C).
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Figure 59: Temperature distribution at y=1, y=2 (5 Panel-Ceiling heating surface

temperature is set to 20°C).

Figure 60: Temperature distribution at y=1, y=2 (5 Panel-Ceiling heating surface

temperature is set to 25°C).

Figure 61: Temperature distribution at y=1, y=2 (5 Panel-Ceiling heating surface

temperature is set to 30°C).

86



Figure 62: Velocity streamlines (5 Panel-Ceiling heating surface temperature is set to

20°C)

Figure 63: Velocity streamlines (5 Panel-Ceiling heating surface temperature is set to

25°C).

Figure 64: Velocity streamlines (5 Panel-Ceiling heating surface temperature is set to

30°C).
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To sum up all simulations done for ceiling heating (5P) case. Numerical
analysis was carried out at 3 different surface temperatures for the wall heating case.
Heating surface temperatures were set to 20°C, 25°C and 30°C. Simulation results
show that the temperature inside the room is quite homogeneous. This is because of
the heating occurs mostly via radiation (> 50%). There is no equipment in the room
that increases air movement. Because of that air velocity which is very important
for comfort is lower than 0.1 m/s for each case. However, when it is compared with
the wall heating case, the air velocity amounts in 5P ceiling heating case are slightly
higher than wall heating.

5.2.2.2 Second Scenario: Ceiling Heating with 12 Panels

Ceiling heating scenarios were separated into two parts: first of all, heating
case was simulated as 5-panel ceiling and secondly heating case was simulated for
whole ceiling (12 Panels). In this part the ceiling heating case for 12 panels
configuration is evaluated.

By using the validated numerical model, radiant surface temperature on
(12P) ceiling was set to 20°C, 25°C and 30°C. For all cases, vertical air temperature
values are taken from the numerical simulation results. PMV-PPD values and
human body exergy balance were calculated as it was explained in previous
Chapters.

In Figure 65, Figure 66 and Figure 67, the temperature distributions of the
surfaces of the room were examined as a result of the numerical study. The lowest
temperature values were measured on the north and west wall surfaces. The
temperature distribution for all cases can be seen in Figures. The boundary
conditions which are the surrounding volumes of test room have significant effect

on surface temperature contours. The air temperature of fagade room was set to -
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3°C. Interior volume that simulates the internal partition inside a house and air
temperature is set to 20°C. The floor volume was also set to an internal condition
assuming that the space was occupied, and air temperature was set to 20°C. The
ceiling volume was set to simulate outside conditions that has -3°C of air
temperature of fagade walls (west and north walls) and ceiling surface that also had
outside condition lower temperature distribution relatively. The highest temperature
value was on the ceiling surface. Surfaces that do not have a radiant panel naturally
have a lower temperature profiles. It is considered that the surface area of radiant
heater plays a significant role on temperature distribution.

The surface temperatures and air velocity values are shown in Table 21.

Table 21: Ceiling Heating(12P)-Numerical Results.

Temperature (K)
Named Sections Casel | Case2 | Case3
ceiling unheated1 289.3 |292.6 |297.0
ceiling radiant panels 293.2 1298.2 |303.2
ceiling unheated2 289.9 1293.1 2974
east wall 291.2 12944 |2984
floor 291.0 |294.4 |298.6
north wall 289.5 12929 |297.2
south wall 291.2 2924 |298.5
unheated wall 289.6 | 293.1 2974
wall radiant Panels 289.5 12929 |297.1
T air 290.3 |293.7 1299.6
T=mr 291.0 2943 |298.9

Air Velocity (m/s)
V air 0.04 0.06 ]0.09
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Figure 65: Temperature gradient on surfaces (Ceiling heating-12P surface

temperature is set to 20°C).

Figure 66: Temperature distribution on surfaces (Ceiling heating-12P surface

temperature is set to 25°C).

Figure 67: Temperature distribution on surfaces (Ceiling heating-12P surface

temperature is set to 30°C).
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In Figure 68, Figure 69 and Figure 70 volumetric temperature distribution of
room’s air can be seen. Numerical results show that room has quite homogeneous air
distribution as it was expected with the increased surface area. Since there is not any air
forced heating equipment inside the room, the local comfort parameters can be better
provided and the main heat exchange inside the room occurs via radiation. When we
compare the wall heating and ceiling heating cases 5-Panels and 12-Panels, it is

considered that 12-Panels heating case has more homogenous volumetric contour.

Figure 68: Temperature distribution of room air volume (Ceiling heating-12P surface

temperature is set to 20°C).

Figure 69: Temperature distribution of room air volume (Ceiling heating-12P surface

temperature is set to 25°C).
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Figure 70: Temperature distribution of room air volume (Ceiling heating-12P surface

temperature is set to 30°C).

In Figure 71, Figure 72, Figure 73, three different planes located at z=1, z=2, z=3
were examined to understand temperature distribution. Local temperature difference is
found less than 3°C. Therefore, we can say that distribution on these planes are also

homogeneous.

Figure 71: Temperature distribution at z=1, z=2, z=3 (Ceiling heating-12P surface

temperature is set to 20°C)
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Figure 72: Temperature distribution at z=1, z=2, z=3 (Ceiling heating-12P surface

temperature is set to 25°C).

Figure 73: Temperature distribution at z=1, z=2, z=3 (Ceiling heating-12P surface

temperature is set to 30°C).

Figure 74: Temperature distribution at y=1, y=2 (Ceiling heating-12P surface

temperature is set to 20°C).
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Figure 75: Temperature distribution at y=1, y=2 (Ceiling heating-12P surface

temperature is set to 25°C).

Figure 76: Temperature distribution at y=1, y=2 (Ceiling heating-12P surface

temperature is set to 30°C).
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Figure 77: Velocity streamlines (Ceiling heating-12P surface temperature is set to

20°C).

Figure 78: Velocity streamlines (Ceiling heating-12P surface temperature is set to

25°C).

Figure 79: Velocity streamlines (Ceiling heating-12P surface temperature is set to

30°C.
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To sum up all simulations done for ceiling heating (12P) case: Numerical
analysis was carried out at 3 different surface temperatures for the wall heating case.
Heating surface temperatures were set to 20°C, 25°C and 30°C. Simulation results
show that the temperature inside the room is quite homogeneous. This is because of
the heating occurs mostly via radiation (> 50%). There is no equipment in the room
that increases air movement. So the air velocity which is very important for comfort
is lower than 0.1 m/s for each case.

5.2.3 Wall and Ceiling (12P) Heating

The aim of this study is to evaluate the comfort of radiant systems in terms
of different heating locations. Here we analyzed ceiling and wall heating
configuration when both surfaces were heated. Wall panels and whole ceiling
panels (12 Panels) were activated for heating.

By using the validated numerical model, analyses were done for 3 different
wall-ceiling temperatures. Radiant surface temperatures were set to 20°C, 22°C and
24°C. These set values were selected according to the experimental results to avoid
over-heating of the room. For all case vertical air temperature values are taken from
the numerical simulation results. PMV-PPD values were calculated and human
body exergy balance calculation was also done as it was explained in previous
Chapters.

In Figure 80, Figure 81 and Figure 82, the temperature distributions of the
surfaces of the room were examined as a result of the numerical study. The lowest
temperature values were measured on the north and west wall surfaces. The
temperature distribution for all cases can be seen in Figures. The boundary
conditions which are the surrounding volumes of test room have significant effect

on surface temperature contours. The air temperature of fagade room was set to -
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3°C. Interior volume that simulates the internal partition inside a house and air
temperature is set to 20°C. The floor volume was also set to an internal condition
assuming that the space was occupied, and air temperature was set to 20°C. The
ceiling volume was set to simulate outside conditions that has -3°C of air
temperature of fagade walls (west and north walls) and ceiling surface that also had
outside condition lower temperature distribution relatively. The highest temperature
values were on the heated surfaces. In this case according to the surface area, the
most homogeneous temperature distribution was provided with lower surface
temperatures. It is considered that the surface areca of radiant heater plays a

significant role on temperature distribution.

Table 22: Wall and Ceiling Heating-Numerical Results.

Temperature (K)
Named Sections Casel | Case2 | Case3
ceiling unheated1 290.3 291.8 [293.5
ceiling radiant panels 293.2 295.2 | 297.2
ceiling unheated2 291.0 292.6 |294.2
east wall 292.1 292.6 |295.2
floor 292.1 293.7 12954
north wall 290.5 292.1 [293.8
south wall 292.2 293.7 12953
unheated wall 290.5 292.1 [293.8
wall radiant Panels 293.2 295.2 | 297.2
T air 292.5 2943 1296.3
T=mr 292.0 293.5 12954

Air Velocity (m/s)
V air 0.01 0.02 ]0.07
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Figure 80: Temperature distribution on surfaces (Ceiling and Wall heating surface

temperatures are set to 20°C).

Figure 81: Temperature distribution on surfaces (Ceiling and Wall heating surface

temperatures are set to 22°C).

Figure 82: Temperature distribution on surfaces (Ceiling and Wall heating surface

temperatures are set to 24°C).
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Figure 83: Temperature distribution of room air volume (Ceiling and Wall heating

surface temperatures are set to 20°C).

Figure 84: Temperature distribution of room air volume (Ceiling and Wall heating

surface temperatures are set to 22°C).

Figure 85: Temperature distribution of room air volume (Ceiling and Wall heating

surface temperatures are set to 24°C).
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In Figure 86, Figure 87, Figure 88, three different planes located at z=1, z=2, z=3
were examined to understand temperature distribution. Local temperature difference is
found less than 3°C. Therefore, we can say that distribution on these planes are also

homogeneous.

Figure 86: Temperature distribution at z=1, z=2, z=3 (Ceiling and Wall heating

surface temperatures are set to 20°C).

Figure 87: Temperature distribution at z=1, z=2, z=3 (Ceiling and Wall heating

surface temperatures are set to 22°C).
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Figure 88: Temperature distribution at z=1, z=2, z=3 (Ceiling and Wall heating

surface temperatures are set to 24°C).

Figure 89: Temperature distribution at y=1, y=2 (Ceiling and Wall heating surface

temperatures are set to 20°C).

In Figure 89, Figure 90, Figure 91, two different planes located at y=1, y=2 were
examined to understand temperature distribution. Local temperature difference is found
less than 3°C. Therefore, we can say that distribution on these planes are also

homogeneous.
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Figure 90: Temperature distribution at y=1, y=2 (Ceiling and Wall heating surface

temperatures are set to 22°C).

Figure 91: Temperature distribution at y=1, y=2 (Ceiling and Wall heating surface

temperatures are set to 24°C).
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Figure 92: Velocity streamlines (Ceiling and Wall heating surface temperatures are

set to 20°C).

Figure 93: Velocity streamlines (Ceiling and Wall heating surface temperatures are

set to 22°C).

Figure 94: Velocity streamlines (Ceiling and Wall heating surface temperatures are

set to 24°C).
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To sum up all simulations done for wall heating case: Numerical analysis
was carried out at 3 different surface temperatures for the wall heating case. Heating
surface temperatures were set to 20°C, 22°C and 24°C. Simulation results show that
the temperature inside the room is quite homogeneous. This is because of the
heating occurs mostly via radiation (> 50%). There is no equipment in the room that
increases air movement. Because of that, the air velocity which is very important
for comfort is lower than 0.1 m/s for each case. Low air velocity which provides
better comfort is one of the most characteristic features of radiant systems. It also
helps to create healthy environmental quality via blocking the transportation of the

dust in air.

5.3 Thermal Comfort Assessment

In PMYV approach, Fanger has combined psychological theory with statistical
data and has developed a mathematical model that predicts thermal sensation.
According to Fanger, PMV indicator, which is used to determine comfort conditions
for six comfort variables such as clothing, ambient air temperature, average radiant
temperature, air velocity, the metabolic activity rate and relative humidity. These
metrics are classified as personal parameters which are clothing and metabolic rate
and environmental parameters which are air temperature, mean radiant temperature,

relative humidity and air velocity.
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5.3.1 PMYV and PPD
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Figure 95: Neutral Conditions: PMV=0, PPD=5.

Table 23: Calculation parameters: of PMV and PPD according to the numerical study.

Parameter Input
Clothing (clo) Constant (1)
Air temp. (°C) Numerical Result
Mean radiant temp. (°C) Numerical Result
Activity (met) 1.2

Air speed (m/s) Numerical Result
Relative humidity (%) Constant (50% )

5.3.1.1 Wall Heating

According to the standards [6, 7] Predicted Mean Vote (PMV) values should be
between -0.5 and +0.5 for a comfortable environment. In this part of the thesis the PMV-
PPD values were calculated by using the numerical results according to the guidance of
the standards [6, 7]. Validated numerical model was used for comfort simulations.
Thermal comfort assessment was done for 3 different wall temperatures. Radiant
wall heating surface temperatures were set to 20°C, 25°C and 30°C in numerical

model.
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Figure 96: Wall Heating Casel: PMV=-1.1 PPD=28.3, Feeling: “Slightly Cool”.

In the case of wall heating, general comfort assessment was done for each case.
In Case 1, occupants feel “Slightly Cool”. In the first case, where the surface
temperature is set to 20 °C or 293.15 K, PMV and PPD values are found as -1.1 and
%28.3 which does not provide comfort, according to the related standards mentioned
before.
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Figure 97: Wall Heating Case2: PMV=-0.5 PPD=10, “Neutral”.

In Case 2, occupants feel “Neutral”. In the second case, where the surface
temperature is set to 25 °C or 298.15 K, PMV and PPD values are found as -0.5 and

%10 that shows comfort is provided in the occupied space.
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Figure 98: Wall Heating Case3: PMV=0.1 PPD=5.1, “Neutral”.

In Case 3, occupants feel “Neutral”. In the third case, where the surface
temperature is set to 30 °C or 303.15 K, PMV and PPD values are found as 0.1 and %5.1
that shows comfort is provided in the occupied space. PMV value is almost 0, that shows
this has the best comfort value for wall heating scenarios.

5.3.1.2 Ceiling Heating (5-Panels)

Ceiling heating scenarios were separated into two parts: first of all, heating case
was simulated as 5-panel ceiling and secondly heating case was simulated for whole
ceiling (12 Panels). In this part, the ceiling heating case for 5-panels configuration is
evaluated. By using the validated numerical model, radiant surface temperature on (5P)
ceiling was set to 20°C, 25°C and 30°C. In the case of ceiling heating with 5-panels,
general comfort assessment was done for three cases. PMV-PPD values were calculated

as it was explained in previous Chapters.
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Figure 99: Ceiling Heating(5P) Casel: PMV=-1.3 PPD=38.7, “Slightly Cool”.

In Case 1: occupants feel “Slightly Cool”, where the surface temperature is set
to 20 °C or 293.15 K, PMV and PPD values are found as =-1.3 and 38.7 that does not
provide comfort. According to the related standards mentioned before, PMV values

should be between -0.5 and +0.5 for a comfortable environment.
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Figure 100: Ceiling Heating(5P) Case2: PMV=-0.7 PPD=15.3, “Slightly Cold”.
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In Case 2: occupants feel “Slightly Cold”, where the surface temperature is set
to 25 °C or 298.15 K, PMV and PPD values are found as 0.7 and %15.3 that shows
comfort is not provided in the occupied space.
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Figure 101: Ceiling Heating (5P) Case3: PMV=-0.2 PPD=5.5, “Neutral”.

In Case 3: occupants feel “Neutral” where the surface temperature is set to 30
°C or 303.15 K, PMV and PPD values are found as -0.2 PPD and %5.5 that shows
comfort is provided in the occupied space. PMV value is close to 0, that shows this case
has the best comfort value among other ceiling heating with 6 panels scenarios.

5.3.1.3 Ceiling Heating (12-Panels)

Ceiling heating scenarios were separated into two parts: first of all, heating case
was simulated as 5-panel ceiling and secondly heating case was simulated for whole
ceiling (12-Panels). In this part the ceiling heating case for 12 panels configuration is
evaluated.

By using the validated numerical model, radiant surface temperature on (12P)
ceiling was set to 20°C, 25°C and 30°C. PMV-PPD values were calculated by using
numerical results. In the case of ceiling heating with 12 panels, general comfort

assessment was done for each case.
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Figure 102: Ceiling Heating(12P) Casel: PMV=-0.9 PPD=21.7, “Slightly Cool”.

In Case 1: occupants feel “Slightly Cool”. In the first case, where the surface
temperature is set to 20 °C or 293.15 K, PMV and PPD values are found as 0.9 and
%21.7 that does not provide comfort. According to the related standards mentioned

before, PMV values should be between -0.5 and +0.5 for a comfortable environment.
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Figure 103: Ceiling Heating(12P) Case2: PMV=-0.1 PPD=5.4, “Neutral”.

In Case 2: occupants feel “Neutral”. In the second case, where the surface
temperature is set to 25 °C or 298.15 K, PMV and PPD values are found as -0.1 and %
5.4 that shows comfort is provided in the occupied space. PMV value is close to 0, that

shows this case has the best comfort value among other ceiling heating (12P) scenarios.

110



100
80 \ /
60

40

- —,

-
S~

Figure 104: Ceiling Heating Case3: PMV=1.1 PPD=29.6, “Slightly Hot”.

In Case 3: occupants feel “Slightly Hot” where the surface temperature is set to
30°Cor303.15 K, PMV and PPD values are found as 1.1 and % 29.6 that shows comfort
is provided in the occupied space.

5.3.1.4 Wall and Ceiling(12P) Heating

The aim of this study is to evaluate the comfort of radiant systems in terms of
different heating locations. Here we analysed ceiling and wall heating configuration
when both surfaces were heated. Wall panels and whole ceiling panels (12-Panels) were

activated for heating.

By using the validated numerical model, analyses were done for 3 different wall-
ceiling temperatures. Radiant surface temperatures were set to 20°C, 22°C and 24°C.
These set values were selected according to the experimental results to avoid over

heating of the room. PMV-PPD values were calculated by using numerical results.
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Figure 105: Wall and Ceiling(12) Heating Casel: PMV=-0.5 PPD=10.2, “Neutral”.

In Case 1: occupants feel “Neutral”, where the surface temperature is set to 20
°C or 293.15 K, PMV and PPD values are found as -0.5 and 10.2 that provides comfort.
According to the related standards mentioned before, PMV values should be between -

0.5 and +0.5 for a comfortable environment.
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Figure 106: Wall and Ceiling Heating Case2: PMV=-0.1 PPD=5.4, “Neutral”.

In Case 2: occupants feel “Neutral” where the surface temperature is set to 22

°C or 295.15 K, PMV and PPD values are found as -0.1 and % 5.4 that shows comfort
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is provided in the occupied space. PMV value is close to 0, that shows this case has the

best comfort value among other wall and ceiling (12P) scenarios.
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Figure 107: Wall and Ceiling Heating Case3: PMV=0.3 PPD=7.1, “Neutral”.

In Case 3: occupants feel “Neutral” where the surface temperature is set to 24
°Cor297.15 K, PMV and PPD values are found as 0.3 and % 7.1 that shows comfort is

provided in the occupied space.

5.3.2 Vertical Air Temperature Profile

Simulation results are shown in this chapter. The surface temperatures are
read from the CFD model. Average Surface temperature amounts are read from the
CFD model. In addition to that the air temperature is taken from different points

shown in Figure 108.

In Figures 109, 110, 111, 112, vertical air temperature profiles are given. It is
clear that air distribution was quite homogeneous as it was seen in different sections

with some temperature contours. Local temperature difference was found less than 3°C
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Figure 108: Vertical Air Temperature Measurement Points

5.3.2.1 Wall Heating
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Figure 109: Vertical Air Temperature (Wall Heating)
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5.3.2.2 Ceiling Heating (5 Panels)
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Figure 110: Vertical Air Temperature (Ceiling Heating 5 Panels)

5.3.2.3 Ceiling Heating (12 Panels)
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Figure 111: Vertical Air Temperature (Ceiling Heating 12 Panels)
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5.3.2.4 Wall and Ceiling (12P) Heating
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Figure 112: Vertical Air Temperature (Wall and Ceiling Heating 12 Panels)
5.3.3 Human Body Exergy Balance

In this part of thesis, the following guidelines are used for the calculation of
human body exergy balance. The six variables shown in Table 27: metabolic energy
generation rate; amount of clothing in clo unit; surrounding air temperature;
surrounding air relative humidity; mean radiant temperature; air velocity. As it was
described in previous chapters, exergy calculation input parameters are given again
in Table 27.

The mathematical formulae of the respective terms in the exergy balance
equation are given in Appendix A. It consists of human body exergy balance terms
that should be calculated during the exergy analysis. Every term in Table A are
expressed for the infinitesimal period of time, and for one square-meter of human-
body surface. The symbols used in these the formulae from the top to the bottom
are described in the Table B in Appendix A. This calculation procedure is taken

from Annex 49 guidebook [49].
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According to the equations are given in Appendix A the exergy balance
calculations in this thesis are done by using R statistical code. The comfort research
library called “comf v0.1.7” is used for the calculations. Input parameters are taken

from the experimental measurements.

Table 24: Human Body Exergy Balance Calculation Parameters According to the

Numerical Study

Input Variables-Outdoor
Outdoor Air Temperature -3.0°C
Relative Humidity of Outdoor Air 80% (Kept Constant)
Input Variables-Indoor
Room Air Temperature(°C) Numerical Results
Mean Radiant Temperature (°C) Numerical Results
Relative Humidity of Room Air (%) 50% (Kept Constant)
Air Speed (m/s) Numerical Results
Human Body

Clothing (clo) 1 (Kept Constant)
Activity (met) 1.2 (Kept Constant)

Human body exergy calculation carried out according to the numerical results are given

in Table 25 below.
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Table 25: Human Body Exergy Balance Calculation Results

W&C

WALL CEILING (5P) | CEILING (12P) (12pP)
The exergy input cl| ¢ |c3|c | |a|c|c|c|c ||
components
Warm Exergy input 9.0 9.0 90| 90 | 90 [ 90| 90 | 90 [90 ]| 9.0 | 9.0 |{9.0
through metabolism
Warm Exergy input 0.1 0.1 0101 }01 01|01 ] 01 |01] 01 ] 01 |0.1
through inhaled humid air
Wet Exergy input through | 0.0 0.0 00| 00| 00 |00] 00 | 00 0.1 | 0.0 | 0.0 | 0.1
inhaled dry air
Warm Exergy input 0.0 0.0 00| 00| 00 00| 00 | 00 [00O]| 00 | 0.0 0.0
through water lung
Wet Exergy input through | 0.1 0.1 0r(014}01]01}) 01|01 ]01] 01 | 0.1 ]0.1
water lung
Warm Exergy input 0.0 0.1 0rf 00| 01 |01] 01|01 ]01] 01 | 0.1 0.1
through water from sweat
Wet Exergy input through | -0.2 | -0.3 |-0.5| -0.2 | -03 |-04| -03 | -04 |-09]| -03 | -0.4 |-0.6
water from sweat
Warm Exergy input 3.3 4.1 51|29 | 38 [47| 36 | 48 |68 | 40 | 45 |53
through radiation
Total exergy input 122 13.0 [14.0| 11.9 | 12.7 |13.5| 12.6 | 13.7 |15.4| 129 | 13.4 |14.1
Exergy stored in core -0.1 -0.1 -0.1| -0.1 -0.1 |-0.1| -0.1 -0.1 | 0.0 | -0.1 -0.1 |-0.1
Exergy stored in shell -0.8 -04 -0.1| -1.0 -0.6 |-0.3| -0.7 -0.3 | 0.0 | -0.5 -0.3 | -0.1
Warm Exergy output 0.3 0.3 03] 03|03 |03] 03] 03 03| 03] 0303
through exhaled humid air
Wet Exergy output 0.8 0.8 08| 08 | 08 |08| 0.8 | 0.8 |08 | 0.8 | 0.8 |0.8
through exhaled dry air
Warm Exergy output 0.0 0.0 0.0 00 | 00 {0.0] 0.0 | 00 | 00| 00 | 0.0 |0.0
through water vapour
from sweat
Wet Exergy output 0.2 0.3 05|02 ] 03 04| 02| 04 |11] 03 | 04 |06
through water vapour
from sweat
Warm Exergy output 5.6 6.4 73| 53 6.1 | 69| 58 | 70 | 87| 64 | 69 | 7.6
through radiation
Warm Exergy output 2.4 2.3 22124 | 23 | 22| 25 23 | 15| 22 | 20 |19
through convection
Total exergy output 8.4 96 |109| 79 | 9.1 |103]| 89 | 105 |12.5] 94 | 102 |11.0
Total exergy 3.8 34 31| 40 | 36 |32 | 3.7 | 32 |29 | 34 | 32 | 3.0
consumption
Calculated skin 31.8| 32.8 [33.7]| 314 | 32.4 |33.3| 32.1 | 33.4 |34.7| 32.7 | 33.4 |34.0
temperature
Calculated core 36.8] 369 [369| 36.8 | 36.8 [36.9| 36.8 | 369 [36.9| 36.8 | 36.9 |36.9
temperature
Calculated skin 0.1 0.1 0.1 | 0.1 0.1 | 0.1] 0.1 0.1 |02 01 | 0.1 |O0.1
wettedness
PMV -0.3] 0.0 05(-131]-071]-02|-09]-01]11] 08 | 1.3 | 1.8
PPD 7.3 5.0 92 | 387|153 | 55| 21.7| 54 [29.6]| 17.2 | 39.2 | 68.1
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6 CONCLUSION

In this thesis, both experimental and numerical studies have been carried out to
determine different radiant heating scenarios. An experimental chamber was used
for this purpose. Numerical studies were conducted for different cases.
Experimental tests were used to validate the numerical model. Comfort analysis
were made for different heating scenarios accordingly. Thermal comfort in the room
was investigated for different panel heating surface configurations. Thermal
comfort values were calculated according to ISO 7730 [6] and ASHRAE 55 [7]
standards which are based on the first law of thermodynamics. In addition to that, a
recent comfort evaluation method, the human body exergy concept, has been used
for the comfort evaluation. Human body exergy balance is based on the second law
of thermodynamics. This method was also used for this study to evaluate human
thermal comfort by using exergy analysis. Exergy analysis allows taking
environmental conditions into consideration for thermal comfort and it clearly
shows how the human exergy consumption is connected to environmental
conditions. The results indicate that under steady-state conditions there is a relation
between exergy consumption of the human body and the expected level of thermal
comfort, expressed as a PMV value. Exergy-based analysis gives more information
about the environmental impact on expected thermal sensation than energy-based
types of analysis.

All the numerical analysis studies were conducted using the Academic version
of ANSYS 17.1. Numerical solutions were made in Fluent, a widely used
computational fluid dynamics module. The Discrete Ordinates model (since there is
no scattering inside the room) was used for radiative heat transfer. Before choosing

the radiation model, the numerical solution of discrete ordinates model and
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analytical calculation method were compared on a simple example problem. A small
sized, room geometry (0.5m?) used for the calculation, was explained in Chapter
4.2.4. The error analysis show that the deviation rate was less than %1 and therefore
DO model was validated before the numerical study. The natural convection was
modelled using the Boussinesq approach, and the standard k-&¢ model which is a
common numerical solution and gives good results in the flow near the wall was
picked to model turbulence. This gives us to analyze air velocity streamlines caused
by the natural convection. Even radiative heat transfer dominates the convection-
based heat transfer; the turbulence model is still needed for the cases that surface
temperature differences are higher. Numerical solution results were compared with
different mesh numbers and mesh independence was observed. The temperature
field and the velocity field were visually inspected using CFD-Post software as the
final processor program. It was expected that the air velocity values to be lower than
air-forced conditioning system and the results yielded in that way.

Experimental tests were done in a multi-climate test chamber that consists of 5
zones including facade volume, inner zone volume, floor volume, ceiling volume
and test volume. Setup was developed for winter conditions. Based on the studied
cases and the boundary conditions, steady-state requirements were reached within
5-6 h in terms of stability of supply-water temperature and water flow rates Surface
temperature of the panels and unheated surfaces, indoor and surrounding volumes
air temperatures were almost continuous, only then each run was begun. In the test
results the standard deviation was calculated as +0,3°C.

For the comfort calculations, activity level was selected as 1.2 met and the
clothing was selected as 1 clo. These average values were taken from literature.

These data were used as input to thermal comfort assessment. Experimental and
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numerical analysis of radiant heating system show that the radiant systems have
advantage on homogeneous air temperature distribution, low air velocity. It does
not cause unfavorable high temperature differences in the vertical direction that can
be encountered in forced convection-based systems.

Radiant panels have been investigated to provide and maintain thermal comfort
at different surface set temperatures. In the given set values, temperature
distribution in the vertical and horizontal direction, mean radiant temperature and
air velocity values in the room were examined. It has been observed that the exergy
consumption values in the radiant heating system are close to the lowest values
stated in the literature. Also, the temperature distribution in the room is considerably
homogeneous compared to all conventional systems. This demonstrates that radiant
systems using low-ex energy sources provide efficient, environmentally-friendly
comfort solutions.

Radiant systems provide comfort by using low quality of energy, too. Exergy
consumption rate of human body changes from 2.89 to 4.04 W/m?. In parallel with
this calculation, PMV values ranges from -1.3 to 1.9. The best thermal comfort
performance in terms of comfort and exergy consumption, wall heating has better
performance. In terms of vertical air temperature distribution all cases provide
homogeneous air temperature gradient except ceiling heating with 5 panels case
which has more than 3 °C of temperature difference from ceiling to floor. The
temperature difference between 0 m to 2.5 m in all other cases were smaller than 3
°C. Therefore, it is also clear that the radiant system provides local comfort as well.
Another conclusion is when the heating surface area is larger, the heating surface

temperature requirement as well as the air velocity decreases.
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For comfort evaluation it is considered that just only one approach is not

enough. For instance, human body consumes less exergy when thermal comfort is

provided. However sometimes even comfort is not provided, exergy consumption

may be low. It can be seen in ceiling heating (12 Panel) Case-3. It cannot be the

only evaluation method for thermal comfort. It helps to understand comfort under

the light of second law of thermodynamics.

Future work suggestions can be as follows:

Numerical and experimental analyses were done according to a general room
geometry and characteristics. The room that was evaluated did not have any
windows or openings. Also, there was no air infiltration to the room.
However, in a real room environment, these parameters should be taken into
consideration. In addition to the cooling effect of windows, there is also the
solar radiation effect that should be evaluated in terms of comfort by using
energy and exergy balance approaches.

The hybrid usage of radiant systems and air-forced system can be evaluated
in terms of thermal comfort for future studies.

Location-based demand-responsive heating is a novel topic for future
comfort studies. In the future, location-based heating and cooling strategies
should be developed considering the occupant’s needs. This approach will
lead to the extension of the current advanced control strategies into multi-
zone controls of heating and cooling systems. For the localization of heating
surface issue, this research will put light to the future human adaptive
thermal comfort solutions which can be also named as location-based
intelligent heating or cooling strategies. As energy consumption in

commercial and residential buildings exceed 40% of the total energy used in
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most countries, HVAC (Heating Ventilation and Air Conditioning) systems
typically consume more than 50% of the building energy use. And it is
shown in the literature that [78] indicates the optimal control of HVAC
system can achieve energy savings of up to 45%. Therefore, optimized
control of conditioning systems can potentially reduce significant amount of
energy consumption globally. The localization of the radiant heating systems
and usage of them according to the demand needed by occupants can be a
challenging topic for HVAC industry since demand response is becoming an
important mean to reduce peak energy consumption and balance energy
demand and supply.

The coupling of Computational Fluid Dynamics and Building Energy
Simulation (BES) techniques can let researches to evaluate dynamic

behavior of radiant heating systems.
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APPENDIX A

Here in Appendix A., human body exergy balance calculation procedure is
given according to the ANNEX 49 [49].
1) Assume six variables shown in Table 4 in Chapter 2.3.3: metabolic energy
generation rate; amount of clothing in clo unit; surrounding air temperature;
surrounding air relative humidity; mean radiant temperature; air current.
2) Calculate the body-core temperature, the bodyshell (skin) temperature, the
clothing-surface temperature, and the skin-wettedness. These values can be
determined by following the procedure given by Gagge et al [69, 70, 71].
3) Calculate the sweat-secretion rate using the skin wettedness.
4) Substitute the results of three calculated temperatures and the sweat-secretion
rate into the terms given in the equation below and calculate their values except the
term of exergy consumption.
5) Substitute the values of exergy obtained from the above calculation into exergy
balance equation and then calculate the value of exergy consumption.
The mathematical formulae of the respective terms in the exergy balance equation
are given in Table A. Every term in Table A is expressed for the infinitesimal period
of time, and for one square-meter of human-body surface. The symbols used in these
formulae from the top to the bottom is described in the Table B.

Furthermore, detailed explanations can be found in Annex 49 guidebook for

the calculation of human body exergy balance [49]:
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Table A: Formulae of Exergy Balance Equation [49]

‘Wam exerpy generated by metabolism
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disperse
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Table B: Mathematical symbols used in Table A

metabolic energy generation rate [W/m2]

outdoor air temperature as environmental temperature for exergy
calculation [K]

body-core temperature [K]

time [s] and is its infinitesimal increment dt

volumetric rate of inhaled air [(m?/s)/m?]

specific heat capacity of dry air [J/(kgK)]

molar mass of dry air [g/mol]

gas constant [J/(mol K)]

room air temperature [K]

atmospheric air pressure [Pa]

water-vapor pressure in the room space [Pa]

specific heat capacity of water vapor [J/(kgK)]

molar mass of water molecules [g/mol]

water-vapor pressure of the outdoor air [Pa]

volumetric rate of liquid water generated in the body core [(m?/s)/m?]
density of liquid water [kg/m°]

specific heat capacity of liquid water [J/(kgK)]

saturated water-vapor pressure at outdoor air temperature [Pa]

the volumetric rate of liquid water generated in the body shell as sweat
[(m?/s)/m?]

skin temperature [K]

the ratio of the effective area of human body for radiant-heat exchange to
the surface area of the human body with clothing

the ratio of human body area with clothing to the naked human body area
absorption coefficient between the human body surface

emittance of clothing surface [dimensionless]

radiative heat-transfer coefficient of a black surface [W/(m?K)]
temperature of surface [K] j

amount of entropy generation during the infinitesimal period
[(Onnes/s)/m?]

heat capacity of body core [J/(m*K)]

infinitesimal increment of body-core temperature [K]

heat capacity of body shell [J/(m?K)]

infinitesimal increment of skin temperature [K]

volumetric rate of exhaled air [(m?/s)/m?]

saturated water-vapor pressure at body-core temperature [K]

clothing surface temperature [K]

average convective heat transfer coefficient over clothed body-surface
[W/(m’K)]
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