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Abstract

This thesis presents a numerical study on an indoor climate, especially with regard

to the temperature, velocity and humidity of the air inside houses with heating systems.

In particular, the focus of this study is mainly placed on the heating methods of the

houses in cold districts and resulting temperature distributions of airflows.

In order to develop the numerical prediction methods to estimate the behaviors

of non-isothermal airflows due to some heating systems in houses, two different types

of computational methods were dealt with in this study: a single-phase model and a

multiphase model.

The single-phase model is similar to those used in normal computational methods,

in which mesh boundaries have to agree with the boundaries between the indoor air

and surrounding walls. Since the boundary conditions for temperatures and heat fluxes

on the walls must be given in the single-phase model, this model is usually difficult to

apply to the actual houses having complicated-shaped wall boundaries. The single phase

model, however, is easy to deal with and applicable to the computational area with simple

geometry. Thus, a computational method with the single-phase model was newly created

with a finite volume method on a collocated system to solve the problems in an area with

relatively simple geometry. The convection-diffusion equation for humidity was added

to the governing equations for non-isothermal incompressible fluid using the Boussinesq

approximation. The single-phase model was applied to various experimental results, such

as three-dimensional non-isothermal flows in a cavity and non-isothermal flows with an

obstacle plate in the computational region. In addition, single-phase model was applied to

a forced flow with a humidifier on the bottom of the three-dimensional box. All predicted

results were quantitatively compared with the preceding experimental data and it was

concluded that the single-phase model can be used to predict non-isothermal flow with

humidity within a three-dimensional domain with relatively simple geometry. Finally,

using the single-phase model, the time which is required to increase the temperature in

the room using different heating elements, was investigated by varying the locations of

heating elements. As a result, it was shown that the floor heaters need less time to increase

the temperature of the room.

On the other hand, the multiphase model is based on a one-fluid model for the

gas-solid multiphase field. This model enables us to deal with airflows with complicated-

shaped solid boundaries and also to treat thermal interaction between air and solid ma-

terials which have different thermal conductivities. The non-isotropic characteristics of



a thermal conductivity are taken into account in the computational cell including air

and solid regions. In addition, since the computational method based on the multiphase

model was parallelized with flat MPI, it is applicable to large-scale problems, such as the

computations of indoor airflows in actual scale houses. The multiphase model was ap-

plied to an actual scale three-story house, in which the measured data had been obtained

by a preceding study. In order to apply the computational method to the actual house,

the solid materials, such as walls, windows and roofs, are represented by finer tetrahe-

dron elements, while multiphase field is calculated in the uniform structural collocated

grid system. For the solid materials consisting of the house, the corresponding thermal

conductivities are assigned on the basis of the experimental conditions. With the above

experimental conditions, two cases of computations were conducted: 1) computations

with the same condition as experiments and 2) numerical experiments to find optimum

heating method. In the first computations, the heat panels were set up at the same loca-

tion as the experiments. In the computations, the temperature distributions and the flow

patterns of air within the multi-story house were obtained taking account of thermal in-

teractions among indoor air, solid materials and outside air. With the comparisons with

experimental data measured in multiple positions in the house, it was shown that the

multiphase model allows us to reasonably predict the indoor temperature distributions.

In addition, the numerical experiments were conducted for the same multi-story house

with the different heating methods: floor heaters and attached panel heaters. From the

comparisons with temperature distribution and other thermal characteristic values, it was

suggested that the floor heating method is more efficient than panel heaters. In addition,

setting up artificial heat supply to the heat panels and floor heaters, the time was mea-

sured to obtain the appointed temperature in the rooms on first to third floors. From

these numerical experiments, it was demonstrated that the floor heaters need less energy

compared with heat panels. Thus, it was suggested the floor heaters are advantageous in

terms of the energy consumption.
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1 Introduction

1.1 Background of heating in a house

It has been very important, throughout history, to increase the level of comfort

in houses. Primarily, this has been done by increasing the temperature in houses to

more comfortable levels, especially in colder cities. Recently this has changed by the

advancements in electric heating equipment. [1]

With the incorporation of the electric grid as a means of delivering energy to

houses, electric based heating system have become popular in the recent years. These

have become popular due to ease of installation. However, in recent years there has

been a movement to reduce the energy demand in a house. Due to this there have been

increasingly a large amount of study on methods for reducing the energy demand for

heating in a house. Energy conservation in houses has also drastically changed the way

modern houses are constructed. There is a large emphasis on the type of materials used to

control climates inside a house. This includes materials for walls, windows and roof. The

current popular heat regulatory method in an average house is limited to a thermostat.

In addition to experiments, numerical simulations have been conducted to pre-

dict temperature distributions in a room. Using numerical simulations, researchers are

able to repeat given experimental conditions and focus the attention to a specific vari-

able. This is in comparison to real experiments where same conditions can often rarely

be duplicated. Computational Fluid Dynamics (CFD) is an extensively studied area in

computing, especially in mechanical engineering where simulations would often be done

to see heat flow in parts of mechanical equipment. Research also has been done for heat

floor within a single room, or around some objects. However, simulations that include a

multistory building are very difficult. This is because of the large computational domain

as well as the complicated shaped structure. Very little progression has been made to re-

search effective delivery of heat, finding out how the heat will flow in the room, and if it is

possible to optimize heat flow in a ordinary house using conventional heating equipment.

In addition to the materials used in construction of a house, additional research
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1.1 Background of heating in a house 1. Introduction

could be done to investigate the comparison of heating elements in a multistory build-

ing. However there has been little study that compares different heating equipment in a

multistory house. Therefore, this thesis will aim to investigate the comparison of heating

elements in a house; investigation includes comparison of the type of system as well as the

location. It is very important to realize that this small amount of energy consumption

over every household in the country is a significantly large amount of energy that can be

potentially changed.

This chapter will discuss the preceding experimental and numerical results. The

chapter will present an experimental studies that compared different heating elements in

fixed locations. Following this, the chapter will discuss the effect of furniture in a house,

using results from previous studies. After this, the chapter will discuss the different

heating elements that will be compared in the research. Finally, the objective of the

thesis will be presented in this chapter.

2



1.2 Preceding experimental results 1. Introduction

1.2 Preceding experimental results

In this field there are substantial amount of experiments in heat flow analysis

in compartments. The reason for the large amount of experiments is because heat flow

studies, especially with more than one medium, applies to many industries; including

transport, power aeronautics, etc. However, there is extremely limited amount of experi-

mental analysis on heat flow on multistory buildings.

Due to the large abundance of literature available in this field, it is difficult to

specify what is the exact research that is required. This section will first cover what

has been found out on previous experimental studies regarding heating a home. Then

the section will narrow down the objectives in the current research, while literature for

comparison studies with the model used in the current research as well as justifications

will be made in later sections.

The most famous study in this area is the study done by Olesen in 1980 [2].

Although this study was not done for a full-scale house, experiments to compare various

heating methods used to achieve the required levels of thermal comforts in a room were

made. Figure 1.1 shows an illustration of the experimental room, in which different

heating elements were used inside to deliver heat inside the room while the outside of the

room was kept at a constant temperature. His experiment was later repeated numerically

to show how the temperature is distributed within a room [3]. Those researches was able

to show the temperature distribution in the room however never attempted to simulate

the usage of heating elements in different locations of the room. Furthermore, the affects

of these heating panels were never applied to a multistory building.

As Figure 1.1 shows, the room dimensions are 2.7 [m] by 4.8 [m] by 2.4 [m]. This

highly insulated room with the walls floor and ceiling have a u-value of 0.2 [W/m2K].
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1.2 Preceding experimental results 1. Introduction

Figure 1.1: Experimental room that will be used in the study to compare the effect of

different heating elements [3].

The heating systems that were compared in this scenario were a radiator, con-

vector, ceiling heater, floor heater, heat pumps and heated skirting boards (this is the

thin board that follows the edge between the floor and the walls). The experiment took

measurements of the air velocity, temperature, surface temperature and humidity at spe-

cific locations. Since the experiment times were long, the experiment only measured the

outside temperature at -5 [oC] while all the air conditioning equipment was kept at 22

[oC]. The experiment was rudimentary so that it only measured average values at steady

state. This however did provide an effective result for their study which meant sufficient

temperature distribution to achieve thermal comfort. At this point it is important to

preface that the thermal comfort is levels of velocity, temperature and humidity that is

required for a human to feel comfortable.

The results of the study first covered the variation in temperature vertically; it

concluded that all heating apparatus with the exception of the ceiling heater had very

small variation of smaller than 2.9 [oC] while the ceiling heater was around that level. The

largest air velocity was observed with the floor heating system, due to the down draft of
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1.2 Preceding experimental results 1. Introduction

coming from the cold windows and the upward buoyancy current coming from the heated

air from the floor.

The study concluded that while most of the heating apparatus did provide ad-

equate comfort levels for the given conditions, the significant heating capabilities came

from the wall heaters, the air pump and especially the floor heaters. Due to this, the

thesis will focus mainly on location of these heating elements and compare them in a

full-scale multistory house. The thesis will also investigate direction of airflow in a whole

room through out the house as well as thermal distribution through out the house, finally

discuss the energy requirement.

The second most relevant literature for this thesis is from a study done by Usami

[4], Tohoku university in Sendai, Japan. The study involves measuring thermal activity

in a multistory house as shown in Figure 1.2.

Figure 1.2: House in Sendai Japan, used for the experiment [4]

Although this study focused on energy conservation and heating requirements

of the house, its focus, like countless many studies, was mainly on the design materials.

Specifically, it studied the effects of insulation on walls and floor. However the study

shows a very valuable incite to the temperature distribution in a multistory building.

5



1.2 Preceding experimental results 1. Introduction

Therefore this study will be the benchmark result that is used for the present research.

The house that was used is three levels tall, contains a pitched roof, and is located in

Sendai city, which is roughly northeast area in Honshu, Japan. The thermal properties in

this specific experiment are interesting because each floor is constructed using different

materials, creating an unique experiment. The materials used include wood, concrete and

glass. The walls and floors also had varying insulation, depending on the location. The

house was either heated using floor heater or air conditioning, depending on the demand

required. The experiment measured, in limited locations, the temperature, humidity,

energy consumption and airflow rate throughout the day.

Unlike the previous experiment that is mentioned, this experiment was subject

to varying outdoor temperatures. These experiments therefore concentrated more on the

ability for a house or other structures to stay insulated and warm throughout the winter.

Experiments usually always concentrated on the average energy consumption throughout

the season. However, the information on temperature distribution in the different levels

of the house will give useful information on how heat distribution can be optimized.

This particular experiment had varying degrees of temperature. Most of the outdoor

temperature was roughly -1.0 [oC] to roughly 12 [oC]. Unlike the previous experiment,

where the temperatures of the heating elements were fixed, this experiment attempted

to maintain the indoor temperature at 20 [oC]. By doing this they can give a detailed

impression for the energy requirement.

The study concluded that the ratio of energy savings should concentrate in ex-

treme temperatures since it is much more difficult to distribute the desired temperature

though out the house at these situations. In addition, two more specifics were derived

from their results.

1) During the winter, the lower floors experience had a slower change in temperature in

respect to time.

2) The higher floors exhibit much warmer temperatures throughout the day.

6



1.3 Preceding numerical results 1. Introduction

1.3 Preceding numerical results

A study in CFD is an attempt to distance itself from experimental data. Instead

of attempting to form empirical relationships it is far better to try and get results from

mathematical models. In this field all the numerical models are constructed from the

Navier-Stokes equation. The breakdown of these equations will be discussed in great

detail later on in this thesis in chapter 2. But in brief, the Navier Stokes equations are

a set of balance equations. They are constructed from applying Newtons second law

to fluid motions. With this an assumption is made, that the stress in the fluid is the

total summation of the diffusing viscous terms and the pressure term. Using these we

can also describe the flow of materials in the fluids as well. This includes the flow of

heat and moisture in an incompressible domain. Numerical study in this area is useful

as we are able to repeat the experiment frequently while keeping all the variables the

same. This is particularly useful for obtaining results while changing only one variable.

This is something that is nearly impossible in physical experiments. Often controlling the

background conditions will prove a difficult task to upkeep.

Figure 1.3: Thermal conduction without obstacle [5]

7



1.3 Preceding numerical results 1. Introduction

The drawbacks in numerical experiments are that it is mainly possible to sim-

ulate simple experiments. In particular, this means only having very little obstacles or

variables. This is due to the fact that complicated simulations including complicated

structures require extremely large amount of computational resources. So previous stud-

ies concentrate on the fluid flow in a single room. Taking note of this, there are many

numerical studies that follow heat and moisture within a single room. In relation to this

research there are two aspects that need to be discussed from previous numerical studies.

First aspect is finding the effect of obstacles in a room. Out of the many studies,

the most particularly useful and provides a great summery for the effect of obstacles in the

room was conducted by Petter Wallenten, from the Lund Institute of technology, Sweden

[5]. The study was to compare the effect of furniture on the heat coefficient in a full-scale

room. At this point it is very important to mention that since this thesis will concentrate

on the use of different type of heating apparatus. The heating elements in the current

thesis will only use one fixed furniture arrangement. Therefore it is important to discuss

the effect of furniture as part of previous literature study first. The study compared two

different situations as well as compared its results from many other studies. The main

focus on obtaining the results were to calculate the difference in heat transfer coefficients

at varying temperature gradients in a room that had furniture and in rooms that did not

have furniture.

Figures 1.3 show the results of their experiment. The figure shows the heat

coefficient at the walls when the room had no furniture, while the second Figure 1.4

showed the heat coefficient at the walls when the room had furniture. Each figure also

has values obtained from other numerical and experimental procedures to give a effective

comparison.

8



1.3 Preceding numerical results 1. Introduction

Figure 1.4: Thermal conduction with obstacle [5]

The results showed there was a significant difference in heat coefficient values

between the cases of with and without furniture. The study showed that the room without

obstacle had a lower overall heat flux. The study also alluded to the fact that in buoyancy

driven flows the location of the wall heaters might be important. This thesis will be

comparing rooms with some furniture within the computational environment. From the

study done by Petter Wallenten [5], it may be important to distinguish the effect of

different types of furniture itself. Not only the effect of furniture existing or not. In this

situation there is many studies published. From these studies the conclusion is mainly

that the width and length of an obstacle has very little significance on the distribution of

heat in a room. The most important feature in the distribution of heat in a room comes

from the height of the object. Specifically as it is able to constrain buoyancy driven

flows. A study done by Abduljabbar et al. in 2010 [6] showed exactly this effect. Their

numerical study was to create a room with an inlet and outlet, with an obstacle in the

middle. Figure 1.5 shows the experimental setup.

9
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Figure 1.5: Room that will be used for numerical experiment to compare the effect of the

obstacle on velocity and thermal distribution [6]

The inlet has a fixed velocity at each numerical simulation. The simulations then

compared the difference in flow by changing the height of the object in the middle. In

addition a second round of simulations were made to see the effect on the flow when the

room had buoyancy driven flow. Figures 1.6 show the results in these experiments. The

figures on the left only show inlet flow and the varying height of the obstacle. While

the figures on the right show the varying height of the obstacle with the addition on a

buoyancy driven flow.

10



1.3 Preceding numerical results 1. Introduction

Figure 1.6: Effect on the velocity and thermal distribution in the room with the varying

height of the obstacle [6]

Immediately, the difference can be observed. There is very little effect of the

height of the structure in terms of the velocity distribution. However, there is a significant

effect of the height of the structure with the temperature contours. There is a rapid change

in temperature when the object is much taller. This is in effect on the downstream from

the object, while the upstream of the object experiences much lesser temperature change.

The study concluded that to keep a better temperature distribution it is very important

if the objects were less than half of the height of the room.

Applying to an everyday house hold, the taller objects, like a cupboard or book

shelf, that are more than half of the height of the buildings are usually kept along the

walls of the room. While the objects that are usually kept in the middle of the room, like

couch and beds always less than half of the room height. This will serve as a particularly

11
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advantages in this study. Therefore, since the study will not concentrate on the variation

in the objects in a room, we can safely assume that since most households have roughly

the same types of furniture in rooms (i.e. table, chair, bed, etc), it is good to note

that the arrangement is not so important and therefore where they located will have less

significance to the results of the numerical experiments.

12



1.4 Comparison of heating systems dealt in the study 1. Introduction

1.4 Comparison of heating systems dealt in the study

Since this study will concentrate on the effectiveness of heating using different

elements. Some background information is needed so we can compare the energy require-

ment in each situation. As mentioned previously, the heating apparatus will be divided

into three main types. The following data and figures of different heating equipment are

from an electronics manufacturer based in UK called Dimplex [7].

Figure 1.7: Typical heating panel from a major electrical company in the UK [7]

1) Panel heaters as shown in Figure 1.7. These heaters are extremely common and are kept

along the sides of the walls. The distribution of heat is dependent to natural convection

generated from the heat source itself. It is common usage in small rooms as it has a low

energy requirement. Clever panels are now in major production where it is fitted with a

thermostat that can regulate the temperature.

Table 1.4 shows typical energy requirement for each heating element, with a varying size.

13



1.4 Comparison of heating systems dealt in the study 1. Introduction

The most common in use today is the 2.0 [kW] panel heater.

Table 1: Energy usage for different sizes of heating panels

Loading Height Width Depth

0.75 [kW] 440 [mm] 515 [mm] 110 [mm]

1.0 [kW] 440 [mm] 620 [mm] 110 [mm]

1.5 [kW] 440 [mm] 830 [mm] 110 [mm]

2.0 [kW] 440 [mm] 1040 [mm] 110 [mm]

2) A more up coming heating method in new buildings is the under-tile or otherwise

known as floor heaters as shown in Figure 1.8. Below is a typical figure of the mat that

is left on the floor, with a coil that runs through the mat.

Typically these heaters function in square meters. They require an energy input

of roughly 160 [W] per square meter of carpet. These carpets are marketed as relatively

low costs and are popular to put in bathrooms and bedrooms. Recently these are now

installed throughout the whole house.

Figure 1.8: Floor heater [7]

3) Finally, the most common heating methods that is used in the currant day is the heat

pumps as shown in Figure 1.9. They have been very popular for a while as it is famous

for delivering heat to a room immediately. This is because the heat is propelled, not only

14



1.4 Comparison of heating systems dealt in the study 1. Introduction

by the buoyancy currants in the room, but also by the fan. They are famous for being

costly, but deliver instant satisfaction to the consumer unlike the panel heaters. These

also have the additional advantage of being able to cool the room in the summer.

Figure 1.9: Heat pump [7]

These heaters function according to BTU. Typically they range from about 1.2

[kW] for the smallest to 4.5 [kW] for the largest heaters. Typically the heating units run at

2.5 [kW] [7]. Many studies have investigated the cost of running such equipment but since

this study will concentrate on comparing the heating between different equipment as well

as the difference in cost. In addition, all of the previous studies have only concentrated

on maintaining the temperature in a room. This is definitely very different to heating

the room as the cost of increasing the temperature of a room is much different to just

maintaining the steady state.
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1.5 Thermal comfort 1. Introduction

1.5 Thermal comfort

Although the study revolves around energy optimization, it is important to find

out at what limits we can draw conclusions from. Obviously minimum energy usage can

be obtained by simply not using the electrical appliances at all. Therefore we need a

method to establish the minimum requirements in terms of temperature, humidity and

internal air velocity. For this, thermal comfort is used as a tool to define the experimental

procedures. In this case, human thermal comfort will be used. There are many studies

that are conducted to find out the optimal levels of temperature, humidity and air velocity

that a person will be comfortable to live in [8] [9].

This is a very large topic as a whole. This chapter will briefly summaries the

recommended values for each situation. In addition studies show that variation in tem-

perature through out the body should be kept at a minimal amount. If thermal exchange

rate at different parts of the body differs, people will remain uncomfortable. Therefore

the first step in our different heating systems is to maintain a low range of temperature

gradient within the room. Studies show that this range should be less than 3 [oC] [9]. In

terms of the optimal temperature a human needs, there is a sensitive balance between all

three major contributing factors. The most significant of which being the balance between

the temperature and the humidity. Figure 1.10 shows the requirements for this situation.
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1.5 Thermal comfort 1. Introduction

Figure 1.10: comfort graph showing the upper and lower limits of temperature and hu-

midity ratio that provides a comfortable environment for humans [9]

The Figure 1.10 clearly shows the balance between the two. The range of thermal

comfort that is acceptable for humans is always between 19 [oC] to 28 [oC]. This can vary

slightly with the humidity. For this study the temperature will be set to 24 [oC], which is

well within the bounds of the comfortable range for humans. The chart also includes the

effects of clothing insulation. More clothing equates to lower acceptable temperatures.

In addition to this, the acceptable temperature for the floor varies from 19 [oC]

to 29 [oC] [9]. Although this variation is larger than the acceptable air quality variation,

it is still important to note this for the future of the study. According to a study done by

ASHRAE 55 2013 [9], air speeds below 0.2 [m/s] is acceptable and therefore considered

comfortable. The study should try to keep the max air speed below this level. However

the increase in airspeed will change subject to change in comfort levels as described in

the figure below.
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1.5 Thermal comfort 1. Introduction

Figure 1.11: Change of temperature felt by humans due to the effect of air velocity [9]

As the Figure 1.11 shows, with the increase in temperature, airspeed can be

increased to offset the temperature itself. An increase in 1.0 [m/s] can be used to change

as much as 4 [oC]. However, the study stipulates that the air speed experienced by a

human should not exceed 0.8 [m/s]. Previously, the study stated that the relationship

between temperature and humidity would look like. It is also important to note that the

humidity ratio in the building should always be below 0.012 [kgw/kgair], which corresponds

to a vapour pressure of roughly 1.9 [kPa]. However, the later chapters of this thesis will

conclude that although humidity distribution is important, the actual distribution within

a small space can be very limited. Therefore as long as the humidity levels are within the

limits of acceptance at a single location, it is not expected to vary much from this value

throughout the room.

Finally, relevant to this research is the maximum allowed temperature difference

in time. The study says that this difference should be less that 1.1 [oC]. We will therefore

be using these values for the research. However once again since the study will concentrate

more on the time it takes to reach steady state, this implies the temperature difference

in time will tend to 0 [oC] therefore this is of less issue for the research.
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1.6 Research objectives 1. Introduction

1.6 Research objectives

In order to achieve the goal that is required for completing the research, certain

areas of research needs to be covered;

1) The most effective heating equipment that is currently available; a comparison of

heating elements using numerical experiments.

2) The best location for using heating elements; if it is possible to change the location of

heating elements to provide an optimum temperature.

These are the major points that will be presented in this thesis.

Indoor climate research is a very wide and diverse field that covers various as-

pects in changing the indoor environment. Studies in this area include, and not limited

to, investigating materials, comparing a wide range of heating methods, removing pollu-

tants, etc. This study will focus on investigating temperature and humidity distribution

due to change in location of heating elements summarized in section 1.4, by conducting

numerical experiments. There have been a large number of studies that show the thermal

distribution in a room at different initial temperatures. In addition, there are several

documents by companies that deliver heating equipment that claims power savings. This

thesis will investigate if it is possible to reduce the energy consumption just by changing

location of heating elements. In addition, if the change in location can provide a better

distribution of temperature in a multistory building. Emphasis is placed on obtaining

the minimum comfort level at the minimum energy requirement. Although there are ex-

perimental results for calculating energy consumption in a building, there is very little

research on showing different heating elements in a multistory building.

This research will first compare different heating elements in varying locations

of a simple room to identify if it is able to heat a room more efficiently. This includes

comparing different types of heating elements. The single-phase model will be used here as

it is able to calculate the distribution of humidity and also it is easy to apply the initial and

boundary conditions on a room with simple geometry. The model will be used to compare

the temperature distribution with varying locations for the heating elements. Secondly,

this research will use a multiphase (MICS) model to simulate heat flow in a multistory

building. The multiphase model is able to calculate temperature distribution in an area

containing different materials with different thermal conductivities. This building will

comprise of different materials with varying physical properties and attempt to simulate

buoyancy flow throughout the building. Using multiphase model the research will hope

to give an effective way to distribute temperature in a multistory residential house.
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2 Numerical procedures

2.1 Introduction

This chapter will discuss the numerical procedures that are related to both the

single-phase and the multiphase models. Currently, simulation of non-isothermal flow

in a large multistory building is difficult. Major difficulties in these simulations include:

choosing the boundary conditions to use to reflect real life conditions, identifying material

properties, computational power available for the simulation.

In addition to this, the focus of this thesis is to identify the effects of changing

the locations of a heating element within a house. There are many different combinations

that are available in fitting a heating element in a house. Therefore many simulations are

required to compare some of the possible locations for installing heating elements.

The chapter will first describe the single-phase model, beginning with the gov-

erning equations, the discretization and the assumptions. Following this, the multiphase

model will be described, including the governing equations and the discretization. Fi-

nally, the chapter will describe the additional equations that are used in the research.

The single-phase model is only capable of solving simple 3D geometry, in this case, simu-

lations inside a cubical cavity. Therefore the single-phase model will be used to calculate

non-isothermal flow and humidity distribution in a simple cubical room. The multiphase

model is capable of calculating non-isothermal flow with complicated shaped structures.

The multiphase model will be applied to complicate objects, initially this model will be

applied to a couch, then to a multistory building. The single-phase model is parallelized

using OpenMP the multiphase model is parallelized using MPI [1].

The model is run on two different systems of the Kyoto University’s Super com-

puters: Cray XC30 with Intel Xeon E5 14 core and the Cray XE6 AMD Opteron proces-

sors. The single-phase model will use the Cray XE6 system, while the multi-phase model

will use the Cray XC30 system.
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2.2 Single-phase model 2. Numerical procedures

2.2 Single-phase model

2.2.1 Governing equations

This section will describe the single-phase model. The fluid that is simulated

in this thesis is air at room temperature and pressure, therefore it is assumed to be

incompressible. The governing equations are shown as follows:

∂ui

∂xi

= 0 (2.1)

ρ
∂ui

∂t
+ ρ

∂uiuj

∂xj

= − ∂p

∂xi

+ µ
∂

∂xj

(∂ui

∂xj

)
+ ρgi (2.2)

∂T

∂t
+
∂(Tui)

∂xi

= α
∂2T

∂x2
i

(2.3)

∂ψ

∂t
+
∂(ψui)

∂xi

= C
∂2ψ

∂x2
i

(2.4)

where ui is the velocity in the xi direction, ρ is density, t is time, p is pressure, µ is

diffusion coefficient, g is the acceleration due to gravity, T is temperature, α is the thermal

diffusivity, ψ is used for the transport of humidity expressed as a ratio of mass, while C

the coefficient of diffusion of humidity.

Applying the Boussinesq approximation to Equation (2.2), Equation (2.5) is ob-

tained.

ρ0
∂ui

∂t
+ ρ0

∂uiuj

∂xj

= − ∂p

∂xi

+ µ
∂

∂xj

(∂ui

∂xj

)
+ ρgi (2.5)

where ρ0 is the reference density

At the calculation of gravity term the thermal expansion Equation (2.6) is applied.

ρ =
ρ0

1 + β(T − T0)
(2.6)

where T0 is the reference density temperature and β is the coefficient of thermal expansion.

This change in density is the component that results in the buoyancy force.

To investigate humidity distribution in a room, the model also uses the humidity

Equation (2.4). Humidity is defined as specific humidity, where the scalar unit is described

as a non-dimensional ratio of mass between water and air. The humidity levels in the

environment are assumed to be always below the saturation point.
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2.2 Single-phase model 2. Numerical procedures

2.2.2 Discretization and numerical algorithm

The following algorithm describes the single-phase model. This algorithm is based

on the SMAC method [2]. The SMAC method is a method typically used to calculate

flow with varying densities, such as movement of saline water or oil in fresh water. In this

study, the basic humidity equation will also added to the model with SMAC method and

in the following chapter, the humidity will be checked to see if this model is also able to

calculate the distribution of humidity in 3-D space.

The governing equations are discretized in a collocated grid [3]. Figure 2.1 shows

the grid system, where pressure, velocities, humidity and temperature are calculated at

the center of the cell. In this figure, i and j corresponds to the location of the cell.

Figure 2.1: Collocated grid system

where ∆x is kept fixed throughout the grid.
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2.2 Single-phase model 2. Numerical procedures

Figure 2.2: Velocity on cell boundary in collocated grid system

Figure 2.2 shows the velocities at the cell boundary. These are calculated by

linear interpolation of the velocities from the center of cell. These are used to calculate

the pressure term in Equation (2.14).

The discretization uses the Euler explicit method, as shown in Equation (2.7)

un+1
i = un

i − ∆t

ρ0

∂pn+1

∂xi

+ ∆tF n
i (2.7)

where F n
i is the convection term and the diffusion term as shown in Equation (2.8)

F n
i = −

∂(un
i u

n
j )

∂xj

+
µ

ρ0

∂2un
i

∂x2
j

+ gi (2.8)

in the SMAC method, Equation (2.7) is solved in two steps. First, the tentative velocity

Equation (2.9) is calculated. Then the velocity is updated in the correction stage using

Equation (2.10).
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u? = un
i +

∆t

ρ0

∂pn

∂xi

+ ∆tF n
i (2.9)

Subtracting Equation (2.9) from Equation (2.7), we obtain the velocity update Equation

(2.10).

un+1 = u? − ∆t

ρ0

( ∂φ
∂xi

)
(2.10)

where φ is given by Equation (2.11)

φ = pn+1 − pn (2.11)

Differentiating Equation (2.10) with respect to xi gives the following equation:

∂un+1
i

∂xi

=
∂u?

i

∂xi

− ∆t

ρ0

∂

∂xi

( ∂φ
∂xi

)
(2.12)

Using the continuity Equation (2.13)

∂un+1
i

∂xi

= 0 (2.13)

Equation (2.12) reduces to Equation (2.14).

∂2φ

∂x2
i

=
ρ0

∆t

∂u?
i

∂xi

(2.14)

where the pressure Equation (2.14) is discretized as follows:

φm =
1

2
(φm+1 + φm−1) − ∆x2 ρ0

2∆t

ubm − ubm−1

∆x
(2.15)

This equation is solved using the SOR [4] method.

The convection term is discretized under the Godunov scheme [5].

qn+1
m = qn

m − 1

∆x
(ubm∆t(qn

m − qn
m−1) + (ubm

∆x

2
∆t− u2

bm

∆t2

2
)(σn

m − σn
m−1)) (2.16)

where qm is the transported unit velocity, temperature and humidity in the m cell, ubm is

the velocity of the boundary of the cell and σn
m is the smallest gradient of the transported

quantity taken from the central gradient, upwind gradient or downwind gradient selected

25



2.2 Single-phase model 2. Numerical procedures

from minmod function as shown in Equation (2.17). The minmod function takes the

smallest positive value, else selects 0.

σn
m = minmod(

qn
m − qn

m−1

∆x
,
qn
m+1 − qn

m−1

2∆x
) (2.17)

The diffusion term is discretized as follows:

qn+1
m = qn

m + ∆tω
qn
m+1 − 2qn

m + qn
m−1

∆x2
(2.18)

where ω represents the coefficient of diffusion for either humidity, temperature or velocity.

Finally in the study, in order to reduce the computational time, the model is

parallelized using OpenMP [6].

Figure 2.3 shows the flow chart of the simulation algorithm. The algorithm is as

follows:

1) First the initial conditions for each computation are set. These include the inlet, outlet

and wall conditions

2) Using the governing Equation (2.9) the tentative velocity field is calculated.

3) Spatial interpolation of the velocities on step 2) is carried out on the boundary.

4) Using the Poisson’s equation, described in Equation (2.14) the pressure field is calcu-

lated using the cell boundary velocities as shown in Figure 2.2.

5) Using the pressure, calculated from step 3), the cell center velocity component are

updated using Equation (2.10).

6) Then the temperature field is calculated using governing Equation (2.3)

7) The humidity field is calculated using governing Equation (2.4).

8) Finally the boundary condition is updated.
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Figure 2.3: Flow chart of single-phase model
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2.3 Multiphase model

This thesis will also introduce a model developed by Ushijima [7]. This model

is able to calculate flows in multiple phases consisting of incompressible fluids and solid

phases. This means that it is able to solve non-isothermal flows in computational domain

that has both solids and fluids. This is unique since the model is also capable of calculating

thermal transmittance due to conduction of solids, which most models are unable to do

effectively. In this model the discretization and treatment the diffusion coefficient is

unique.

This model also contains the incompressible condition; hence the continuity equa-

tion is as follows:

∂ui

∂xi

= 0 (2.19)

with that the model uses the simplified version of the momentum equation shown in

Equation (2.20);

∂ui

∂t
+
∂uiuj

∂xj

= −1

ρ

∂p

∂xi

+
1

ρ

∂τij
∂xj

+ gi (2.20)

where τij is given by:

τij = µ
(∂ui

∂xj

+
∂uj

∂xi

)
(2.21)

To describe temperature distribution, the following equation is used:

∂T

∂t
+
∂(Tui)

∂xi

=
1

ρCp

∂

∂xi

(
λ
∂T

∂xi

)
+ Sc (2.22)

where T is temperature, Cp is the specific heat of air, Sc is the heat source term and λ is

thermal conductivity. In the multiphase model the Boussinesq approximation is not used.

The governing equations are discretized using Finite Volume Method (FVM). With the

inclusion of temperature, the change in density due to the effects of temperature needs to

be solved. This is done by Equation (2.6).

In this model, the velocity is mass averaged, as shown in Equation 2.23.

ui =
ΣkρkVkUki

ΣkρkVk

(2.23)

where k is represents the phase of the volume, either fluid or solid and V is the volume.
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The other variables in the cell Ψ, including density, temperature, viscosity, pres-

sure and specific heat values are volume averaged throughout the cell as shown in Equation

(2.24)

Ψ =
ΣkVkΨk

ΣkVk

(2.24)

The method for solving this model is divided in to three stages:

1) The prediction stage

2) Pressure calculation stage

3) Correction stage

The discretization to calculate the tentative velocity in the prediction stage is

described in Equation (2.25). It is based on the implicit method on a collocated grid,

C-ISMAC method [8].

Solving for u∗
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∆t
= gi −

1
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where τ ∗ij and τn
ij

τ ∗ij = µ
(∂u∗i
∂xj

+
∂u∗j
∂xi

)
(2.26)

τn
ij = µ

(∂un
i

∂xj

+
∂un

j

∂xi

)
(2.27)

Where 0 ≤ γ1, γ2 ≤ 1 . The resulting term for convection is discretized with a fifth order

TVD [9]. The advantage of the C-ISMAC method is that it is able to solve the left hand

side of the equation implicitly while higher order TVD scheme applied to the right hand

side of the equation, resulting in high numerical accuracy.

The pressure stage is calculated with the C-HSMAC method [10], this iterative

step is solved until the total divergency of the solution is smaller than the threshold. This

method has been proved previously to be a higher accurate system [11].

One of the unique aspects of the model is the treatment of thermal diffusion. The

model is able to contain non-isotropic characters [12]. The system has been verified that

it is able to solve thermal interactions in multiple phases [13].
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2.4 Non-dimensional parameters

During this thesis, non-dimensional values that are commonly associated with

fluid mechanics are used. These include the Reynolds number, Prandtl number, Rayleigh

number and Nusselt number. They are defined as follows:

Reynolds number

Re =
UL

υ
(2.28)

Prandtl number

Pr =
υ

α
(2.29)

Grashof number

Gr =
gβ∆TL3

υ2
(2.30)

Rayleigh number

Ra = GrPr (2.31)

Nusselt number

Nu =
hiL

λ
(2.32)

Heat flux

qi = −λ ∂T
∂xi

(2.33)

where U is velocity, ρ is density, L is the characteristic length, g is acceleration due to

gravity, T is temperature, Sp is specific heat, λ is thermal conductivity, α is thermal

diffusivity, υ is kinematic viscosity and hi is heat tranfer coefficient in the xi direction.
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3 Application of single-phase model

3.1 Introduction

In this chapter, the single-phase model is applied to various benchmark test to

assess the validity of the model. The first test is the 3D thermal cavity flow. During

this test, the model will be subject to a 3D box cavity with a hot and cold plate at

varying Rayleigh numbers. The Nusselt numbers at the plates are measured and compared

against previous experiments. Next, humidity distribution in a 3D room is investigated

and compared against previous experiments. The final comparison is a simple 3D box

with an inlet and an outlet with an obstacle in the middle. This is to compare the velocity

profile with a presence of an obstacle.

After these experiments, numerical study is conducted to compare different heat-

ing locations in a 3D room. The study will compare: floor heaters, panel heaters and heat

pumps. This is to assess the time it will take to heat the room up to a certain height. The

results are compared against each other to compare any advantages in each simulation.

The comparisons will show that overall the floor heaters were better at heating a simple

room.
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3.2 Comparing with preceding results

3.2.1 Simple shaped obstacles

In this section simulation is conducted to verify the velocity in a 3 dimensional

domain with the presence of an obstacle.

For this, an experiment done by J.D. Posner et al [1] from university of California

was used. In their experiment a simple glass box was constructed. With an inlet and

outlet located at the top of the box. Inside the box, in the middle, a small partition

was made. This is what will act as the obstacle to the airflow. Figure 3.1 illustrates the

experimental setup.

Figure 3.1: Experimental box for simulating air flow [1]

Both the inlet and outlet was constructed to be 3 × 3 [cm]. The inlet flow rate

was reduced to achieve a Reynolds number of 1600. This means the inlet velocity was

only set at 0.25 [m/s]. The partition is located at x1 = 44 [cm] and is 2 [cm] thick and

15 [cm] tall. All the surfaces have no slip condition. The inlet and outlet is located x1 =

16 [cm] and 74 [cm] and x2 = 21 [cm].

The following Figure 3.2 shows the picture of the air flow from outside the box.
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Figure 3.2: Results from experiment showing the direction of flow at mid plane [1]

Figure 3.3 below is a visual representation of the velocity flow from the mid section

of the box. The results were taken using a Laser Doppler Anemometry (LDA) system to

obtain velocities at specific locations. The velocity is represented as a dimensionless value

as a ratio of initial velocity conditions. The figure shows that the velocity is greatest at

the inlet and outlet location. Majority of the space is consumed by velocity that is half

the initial velocity.

Figure 3.3: Velocity contour at mid plane from the experiment [1]

The results from the current model is shown in Figure 3.4 is the results obtained

by the current model. Once again the inlet and outlet has the highest velocities. The
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simulated results and the results done by the physical experiment have very similar con-

tours with little changes in the middle. The results in the current simulation are in good

agreement with the experimental results.

Figure 3.4: Results from current model

A phenomenon that should be accounted for is that the velocity contours have a

similar to the surface lines of the box. Although this flow is not driven by buoyancy forces,

it is important to note this effect. For the scope of this research the major contribution

factor for the distribution of heat arises from Buoyancy forces. However, a verification of

velocity profile is done for completeness of the research.
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3.2.2 Thermal cavity flow

In this subsection, the model is compared with the results of 3D thermal cavity

flows from previous experiments. Existing experimental results were taken from the study

conducted by W.H. Leong [2].

Figure 3.5 shows the experimental setup of the 3D thermal cavity flow. Walls (c)

and (e) have a fixed temperature of 34 [oC] and 27 [oC]. While walls (a),(b),(d) and (f)

have an adiabatic condition. All walls have a no slip condition for velocity.

Figure 3.5: Experimental setup for 3D thermal cavity flow

Figure 3.6 shows the visual of one such simulation. This plane is taken from

the mid point of the box in the vertical plain. The distance and temperature is made

dimensionless. All of the simulations shows results as expected.
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Figure 3.6: Thermal distribution with heated and cooled plate

In the Figure 3.6, a grid size of 128 × 128 × 128 was taken. To compare the

results of the current model and existing results, the Nusselt number was calculated at

varying Rayliegh numbers using Equation (2.32).It is important to note that the Nusselt

numbers accuracy is greatly improved for a finer mesh.

Figure 3.7 shows the results of the simulation for Nusselt numbers at varying

Rayleigh. The figure is modified to show in an increasing Rayleigh numbers in a logarith-

mic scale in order to get a smoother line.
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Figure 3.7: Effect on the Nusselt number in cavity with the change in Rayleigh number

Results from the current experiment shows that as the Rayleigh number increases

logarithmically, the Nusselt number also increases in a smooth straight line. This is as

expected.

More importantly the results from the current model closely resembles the results

taken from the experiment. Specially in the range of Rayleigh numbers from 105 to 107.

However as the Rayleigh number increases further there is a deviation in the Nusselt

number. However this is not an issue as it is outside the scope of this research.
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3.2.3 Humidity simulation 1

The final objective of this research is to provide a comfortable climate to the

inhabitants of a residential home. To establish this, the numerical model has to be able

to provide results in velocity as well as thermal profile. In addition, many research usually

neglect the additional parameter that may prove an affect on the comfort of a person.

This parameter is the humidity. It affects thermal comfort as described before in chapter

1.

Humidity in a 3D domain at room temperature is relatively easy to simulate, as

it only requires the use of the transport equation, with the coefficient of diffusion term

related to the temperature. There have been extensive studies to verify this phenomenon.

In this area a research done by Iwamae [3] gives the best research for humidity distribution

in a room.

The Figure 3.8 below shows the experimental setup.

Figure 3.8: Experimental setup for humidity distribution in a box
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There is a simple inlet and outlet condition for the room. With a humidifier

located at the bottom of the room. The humidifier provides a constant source of water

vapour to the room.

The room size is L1 = 1.6 [m], L2 = 1.6 [m], L3 = 1.6 [m] The inlet is 0.1 × 0.1

[m] with a fixed temperature of 29 [oC] and is located at x1 = 0 [m], x2 = 0.1 [m] and x3

= 1.7 [m] and humidity of 7.5 [g/kg] The outlet is 0.1 × 0.1 [cm] with a fixed velocity of

0.16 [m/s] and is located at x1 = 1.6 [m], x2 = 1.5 [m] and x3 = 1.7 [m].

The model was used to simulate humidity distribution in a room. The humidifier

was 0.3 x 0.3 [m] and was located at x1 = 0.1 [m], x2 = 0 [m] and x3 = 0.8 [m] had a source

of 11.5 [g/kg] and a temperature of 29 [oC]. All the walls are assumed to be adiabatic,

non-slip and impermeable conditions.

The result that Iwamae focused on is the relationship between the time and the

humidity ratio due to the heat from the humidifier is raising the humidity level at the roof.

It is this important feature the model should attempt to describe. Therefore the humidity

ratio at the roof was documented over a period of time. The Figure 3.9 below shows the

comparison of the humidity ratio of both the simulations and the previous experiment on

the mid point of the roof.

Figure 3.9: Comparison of humidity at the roof with experiment and present study
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From the Figure 3.9 it is clear to see that the resulting differences in the ratio in

humidity is small. The current model has a smoother increase in humidity ratio than the

experimental results. The start and end humidity are the same. Therefore the simulation

agreed with the experimental results. However it is important to note that during the

middle stages, there is a larger difference between the experimental and numerical results.

This could be due to the size of the mesh, the effect of the boundary conditions.

3.2.4 Humidity simulation 2

Further research of humidity was investigated to compare in a larger room. Re-

sults from the experiment conducted by keesung kim [4] were used. The experiment

consisted of a large room with no obstacles. Figure 3.10 shows the experimental setup.

Figure 3.10: Experimental setup of humidity in the room

The room dimensions L1 = 6.5 [m], L2 = 18 [m] and L3 = 2.4 [m]. The inlet has
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a size of 2 × 2 [m] and is located at x2 = 0.1 [m], x3 = 0.1 [m], with an inlet velocity of

0.2 [m/s] and a humidity of 8 [g/kg]. The humidifier is located at x1 = 2.3 [m] and 4.2

[m], x2 = 2.3 [m] and x3 = 2.4 [m] and a inlet velocity of 0.16 [m/s] and a humidity of 10

[g/kg].

The experimental data was taken by running the experiment for 45 [s], and turning

the humidifier off for 45 [s]. All the walls are no slip condition and impermeable.

The following first Figure 3.11 shows the results of the humidity at the bottom

and mid level of the room from the experiment. While the next Figure 3.12 shows the

humidity distribution from the current model. Both humidity levels from the numerical

simulation and the experiment show similar results.
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Figure 3.11: Humidity distribution at x3 = 0.1 [m] and x3 = 2.3 [m] in the x1 − x2 plane

[4]
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Figure 3.12: Simulated results for humidity at x3 = 0.1 [m] and x3 = 2.3 [m] in the x1−x2

plane
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As the figures show, at the bottom, there is a much larger humidity level. However

these concentrations reduces to a smaller area near the top. In general the results show

a similar comparison as to the main area of high concentration of humidity. However

there is a lesser resemblance to the contours of the lower humidity levels specially at the

boundary. This could be due to numerical error as well as the effects at the wall where

the water vapour condenses to liquid, which this model does not simulate.

However, research of previous study shows that unless there is a significant input

of humidity in the room there will be a very small change in the distribution in the room.

Specifically, there is no sudden change in humidity throughout the room. This is very

important to the current research as the scope of the research is to provide a comfortable

standard of living in a house specifically for the thermal environment. Therefore in a scale

of a small room a large variation in in humidity is not to be expected. In the study done

by keesung kim, the experimental area was a 18 [m] long empty room, this is significantly

longer than an average house which would also include walls to divide the air into smaller

compartments. In the 18 [m] room the variation in humidity, even though rapid changes

in humidity was attempted, the resulting change was only about 10%. This is significantly

small and therefore it is justified that in a smaller room at steady state will have even

smaller variation in humidity. The 10% change in humidity is within the tolerance of

comfort at 24 [oC] as discussed in chapter 1.

Therefore the research will concentrate on optimizing only the temperature at

the fixed humidity levels.
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3.3 Numerical experiments

The main purpose of this research is to find out if it is possible to optimize

heating a residential home by changing the location of heating element. In addition to

make comparisons to see if varying heating elements can in fact be used to optimize the

heating in a room. This is the main objective of the research.

So far this thesis, has verified the single-phase model that will be used in the

numerical experiments. In the previous subsection, humidity in the room was simulated.

From previous studies the effect of humidity on personal comfort has already been dis-

cussed, in addition the effect of humidity distribution in the room.

In this chapter, we will now concentrate on applying the model in varying back-

ground conditions. Specifically, to run multiple simulations with different heating elements

in order to see the effect in a room.

In the following first set of simulations is to identify the length of time that is

required so that a room is comfortable for inhabitants. In this situation, how long it takes

for the room to achieve 24 [oC] up to a height of 1.5 [m]. These numerical experiments

are similar to the research conducted by Olesen et al [5], where in their research they

measured the distribution of temperature in the room at steady state. However, in his

experimental research, the walls of the rooms are assumed to be brick with a thickness

of 0.1 [m] and a thermal conductivity of 5.2 x 10−7, and the locations of the heaters are

fixed.

This chapter will attempt to compare; heat panels, floor heaters and heat pumps.

Using various positions and altering boundary conditions we will attempt to establish a

relationship between the results.

Firstly the chapter will compare; 1) Floor heater: The time the room requires to

reach 24[oC] with the change in initial temperature. Here, four situations are compared:

two floor heater arrangements, with and without obstacle.

2) Panel heater: The time the room requires to reach 24 [oC] with the change in initial

temperature. Here, eight situations are compared: four panel heater arrangements, with

and without obstacle.

3) heat pumps: The time the room requires to reach 24 [oC] with the change in initial

temperature. Here, eight situations are compared: four heat pump arrangements, with

and without obstacle.
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3.3.1 Floor panels

The first set of simulations involves the use of floor heaters. Floor heaters have

been increasingly popular in recent years as it is able to provide a great thermal comfort

for a lower part of the room. The first model will be used in the research as it only involves

a simple change in boundary conditions in order to obtain the results. The experimental

condition is to find what is the length of time required to heat a room to 24 [oC] with

changing outside temperatures.

One of the most important factors here is that the objective is less important on

the actual temperature of the house, but instead to reach thermal comfort for humans.

So that being said it is not important to heat the roof to 24 [oC], neither is it prudent to

get the average temperature of the room. Rather the end goal was to achieve a minimum

temperature of 24 [oC] up to a height of 1.5 [m] from the bottom of the room as established

as the comfort range for humans [6]. Several literature as discussed before use this as the

standard of level that is required for comfort. For these simulations the cell width is only

5 [cm].

In search of completeness, multiple room sizes were simulated with each room

size having varying outside temperature per simulation. Then for each particular room

dimensions, the resulting time taken to reach 24 [oC] was tabulated against the starting

temperature of the room. Each tabulation was graphed so that a visible trend can be seen.

All the room dimensions showed a very similar trend in the time it took for the room to

increase temperature. Figure 3.13 shows the numerical experimental setup for the floor

heaters. Sides (a), (b), (c), (e) and (f) have adiabatic condition. Side (d) has a constant

energy of 160 [W/m2]. Another alignment for floor heater was made, this was 0.5 [m] ×
0.5 [m] squares, in a checkerboard pattern with the flux increased to 320 [W/m2]. The

experimental setup is the same as in Figure 3.13 with the exception of the floor pattern.

The objective here was to see if it made a difference to the room by reducing the heated

floor area by half.

Next step is to find out the length of time it takes for a comfortable temperature

with the addition of a simple block furniture. This is to simulate the volume reduction

obtained at the presence of furniture. The block is the same as the one that is used

in previous experiments [7]. Figure 3.14 shows the experimental area. Once again the

simulations were repeated with varying room sizes and the data that’s used on this thesis

is the typical results for the benchmark room as used before.
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Figure 3.13: Numerical experiment setup for floor heater

Figure 3.14: Numerical experiment setup for floor heater with obstacle
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Figure 3.15: Numerical results for heating using floor heater

Figure 3.16: Numerical results for heating a room with an obstacle using floor heater
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Figures 3.15 and 3.16 shows the typical trend for the time taken the minimum 24

[oC] to reach up to a height of 1.5 [m] of the room. All data for the figures does not show a

much smooth line, but it is assumed that this is because the time is taken from the point

the 1.5 [m] height of the room reaches 24 [oC]. Slight fluctuations in flows can result in the

difference of the simulation ending faster. The data showed that both heating systems

have similar trend in the time taken to heat the room with varying starting temperature.

Three cases are taken to compare: initial temperature of -40[oC], 0 [oC] and 20 [oC]. In

the case of no obstacle, the required time was 37 [min], 6 [min] and 3 [min] respectively.

In the case of obstacle, the required time to get the room to 24 [oC] was around 35 [min],

5 [min] and 2 [min] respectively. A reduced volume of due to the box has a significant

influence on the energy consumption in the room.
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3.3.2 Heating panels

The next step was in the use of side panel heaters. Side panel heaters have been

very popular in recent history. As installation is regarded as very simple as it only involved

buying a panel and fixing it in a particular location. This is easy to do as well as it is

safer than having an open flame. Once again the experimental procedure is simple. The

3D room was once again set at the benchmark dimensions in Figure 3.13 and in Figure

3.14. The heating panel locations were changed to 4 separate areas. Figure 3.17 shows

the location of the panel heaters from the reference wall. The heat panels provided energy

of 1 [kW].

Figure 3.17: Heat panel location
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Figure 3.18: Numerical results for heating using panel heaters

Figure 3.19: Numerical results for heating a room with obstacle using panel heaters

53



3.3 Numerical experiments 3. Application of single-phase model

In the case with the heating panels, 4 different locations were compared at dif-

ferent starting temperatures and compared with and without obstacles. All data shows a

similar trend when the starting temperature is increased. From the general trend the best

reduction of time comes from location 1, the bottom middle location. While the worst

location was the top left location, location 4. Three cases are taken to compare: initial

temperature of -40[oC], 0 [oC] and 20 [oC]. In the case of no obstacle, the required time

for location 1 was 57 [min], 26 [min] and 26 [min] respectively. In the case of obstacle,

the required time to get the room to 24 [oC] was around 53 [min], 35 [min] and 23 [min]

respectively.
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3.3.3 Heat pumps

The next and final heating apparatus, before numerical experiments done for a

full-scale house using the MICS model, is the heating pumps. These are very popular and

general consensus is that the heating pumps can be generally expensive. In addition, these

are generally harder to give a fixed condition as there are multiple settings associated with

the heating pump. These include the varying speed of airflow, as well as the ability to

constantly change the direction of flow using the fins in the heat pumps. For these set of

simulations, the lowest exit velocity was taken as well a fixed horizontal direction. The

varying condition is what cannot be controlled by the machine. This is the location of the

machine in the room. This will give us the best aspect to compare against the previously

used heating apparatus and the completeness in the thesis. The simulation conditions

were once again simple as it is only changing the boundary conditions with a fixed input

velocity and temperature.

Figure 3.20 shows the locations of the heat pumps. The heat pumps have a

fixed temperature and fixed velocity. The inlet velocity is set at 0.2 [m/s] and a fixed

temperature of 30 [oC]. All the walls of the rooms have adiabatic and non-slip condition.

Figure 3.20: Experimental conditions of the heat pumps
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Figure 3.21: Numerical results for heating using heat pumps

Figure 3.22: Numerical results for heating a room with obstacle using heat pumps
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In the case of heat pumps, it is difficult to estimate the energy consumption due to

different heating systems having different efficiency rating. However from the comparisons

of locations, it is clear that location 1 was the best in both the cases of with and without

obstacles. Location 4 was the least useful location in these comparisons. It is important to

note that all locations showed a similar result at each starting temperature, the variation

in time to heat was very small. This is especially true in the case of the room with the

obstacle. Three cases are taken to compare: initial temperature of -40[oC], 0 [oC] and 20

[oC]. In the case of no obstacle, the required time for location 1 was 39 [min], 9 [min] and

4 [min] respectively. In the case of obstacle, the required time to get the room to 24 [oC]

was around 39 [min], 10 [min] and 6 [min] respectively.
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3.3.4 Steady state for room with heater

The previous simulations calculated the time required to heat the part of the room

under 1.5 [m] to a minimum temperature of 24 [oC]. In this subsection, the simulations

were run again with the heating panels located at 1 from Figure 3.17 and a window

located in the opposite end with a fixed temperature of the initial temperature. The

starting temperatures are -10 [oC] and 0 [oC] for the two simulations. It is important to

note that if the initial temperature is different, does the air in the room exhibit unsteady

behaviour. So to compare steady state is conducted for differing initial temperature to

see if a same steady state is reached.

Figures 3.23 and 3.24 show the temperature distribution at x2 = 1.2 [m] in the

x1−x3 plane for the room starting at -10 [oC]. Figures 3.25 and 3.26 shows the temperature

distribution at x2 = 1.2 [m] in the x1 −x3 plane for the room starting at 0 [oC]. A similar

distribution can be observed in both simulations. While the initial temperature of 0 [oC]

has a higher temperature distribution of temperature. In addition, the figure shows the

biggest issue with panel heaters, the areas closer to the heater and along the top of the

room are warmer while the bottom level of the room is colder.

Figure 3.23: Temperature distribution at starting temperature -10 [oC], t = 20 mins
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Figure 3.24: Temperature distribution at starting temperature -10 [oC], steady state

Figure 3.25: Temperature distribution at starting temperature 0 [oC], t = 20 mins
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Figure 3.26: Temperature distribution at starting temperature 0 [oC], steady state

3.4 Discussion of data for heating in room

The summery of data will be broken down into two sections, firstly the results of

comparison in the single room with and without obstacles. Later comparing the results

obtained from the MICS model that is applied to the house. First the comparisons done

in a single room are made. The previous subsection has already established that as the

starting temperature increases the heating time decreases at a larger rate. This section

will present the comparisons for the experimental conditions without the obstacle in the

room.

Figure 3.27 shows the energy consumption at -40 [oC] using the different heating

elements. The important thing to note here is that the cost of the heat pump is greatly

dependent on its manufacturer’s efficiency. However, the energy consumption is assumed

to be fixed value as described in Chapter 1. The cost of the heat pump here is much higher

than either the floor heaters or the panel heater, while there is a very little observational

difference between the floor heater and the panel heaters. The energy consumption is

obtained by the following Equation 3.1:
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E =

∫ t0

0

Wdt (3.1)

where W is the total energy input at boundary per second, t0 is the time required to reach

the reference temperature.

Figure 3.27: Energy consumption at -40 [oC]

There is a larger difference when the initial temperature is increased to 0 [oC].

Figure 3.28 shows the energy requirement when the base temperature is increased. It is

clear that that the floor heater is the best option in this situation. The heat pump is still

has relatively high energy demand.
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Figure 3.28: Energy consumption at 0 [oC]

In contrast to the previous figures, at the case of the starting temperature of 20

[oC] as shown in Figure 3.29, there is a significant difference between the panel heating

method and floor heating method. the heat pump becomes cheaper than the panel heater,

however the floor heater is definitely the run away victor at consistently being the cheapest

option.
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Figure 3.29: Energy consumption at 20 [oC]

The data shown in Figure 3.30 summarizes the ideal location of the heat pump. It

is clear that the bottom middle provides the best location for the heat pump. The corners

are less than ideal, however they are generally the same and could depend largely on the

dimensions of the room. The chart below is specifically for the room that is considered

benchmark.

Figure 3.30: Energy consumption at various locations of heat pump

As the Figure 3.31 also illustrates this is the same case for panel heaters however

the effects are less significant.
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Figure 3.31: Energy consumption at various locations for panel heater

In summery, the simulations show that the floor heaters overall took less time to

heat the lower part of the room compared to the panel heaters and heat pumps. This

results in a lower energy use. In terms of location, the heat pumps took less time to heat

the room when located top middle with a horizontal flow. Finally, the panel heater took

less time to heat the room when located in the middle bottom of the room.
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4 Application of multiphase model

4.1 Complicated-shaped heat source

So far, this study was investigations in a single room as discussed and verified

in previous chapters. However, in addition to the simulations done in a room, further

simulations will be done in multistory house, which includes windows and doors.

This chapter will discuss the application of the multiphase model (MICS). This

is the MICS model as described in chapter 2. This model has been previously verified

for modeling the interactions between fluids and solids in complicated shaped objects

[8]. One of the major advantages is that the model is particularly useful for separating

objects and materials with varying physical properties. The first case study for the MICS

model is the demonstration of the velocity profile and the temperature profile around a

complicated shaped object. In this chapter the MICS model is applied to a couch.

There is an existing experimental study conducted by Limpens-Neilen [9] that

experimented with heat source attached to wooden couches in churches. The study was

conducted in order to find how far heat was being transmitted and the effect on the

surrounding velocity profile. This study was applied to the MICS model in order to

replicate the thermal results found in the experiments.

In this experiment the couch is made from wood with a thermal conductivity

of 0.04 [W/(mK)]. The dimensions of the couch was 1:1 ratio with the dimensions from

Limpens-Nielen’s experiment [9]

The 3D domain is calculated by the means of parallel computing. This is paral-

lelized using MPI (Message Passing Interface), with the use of 128 processes.

Figures 4.1 to 4.2 were taken directly from the results done by the researcher

Limpens-Neilen [9].
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Figure 4.1: Velocity and thermal profile from behind the couch [9]

Figure 4.2: Velocity and thermal profile from front of the couch [9]

Figures 4.3 to 4.7 show the simulation of the couch using the model. The Rayleigh

number was at 105. Prandtl number was at the standard 0.717. Total computational time

was roughly 9 hours. The figures show the mesh construction of the couch then the velocity

profile and the thermal profiles of the couch.
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Figure 4.3: Tetrahedron mesh of the couch

Figure 4.4: Velocity profile in x2 − x3 plane at mid section
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Figure 4.5: Velocity profile in x1 − x3 plane at mid section

Figure 4.6: Thermal profile in x1 − x3 plane at mid section
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Figure 4.7: Thermal profile in x2 − x3 plane at mid section

The results in the numerical simulations agrees with the experimental results. In

both thermal profiles, although heat conduction is taking place in the solids the data in

both cases show that the heat produced is transferred to the air and therefore conduction

itself remains small. However the heat source does create a velocity profile surrounding

the objects. This is shown in the figure 4.5 above. There is a streamline that remains

closer to the border of the object itself, which is similar to the results from the previous

experiment. This removes the heat from the heat source and slows conduction of heat

in the solid. The simulation results with the same experimental conditions were able to

produce the same velocity and thermal profile. The most important aspect of this is that

the velocity profiles in the above figures are a result of the buoyancy force. As such the

shape of the object was only important to the movement of air at a distance less than

100 [mm] from the object.

In summary, the experiment showed that although there is a velocity profile that

is following the shape of the object, this shape quickly disappears and flows as a simple

buoyancy flow. The buoyancy force created from the heat source dictated the flow pattern.
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4.2 Comparing simulations in a multistory building

4.2.1 Background

Concurrent with the improved computational power is the new age movement

of energy savings. Many organizations have done several measures in order to conserve

energy. There have been many experiments that have been conducted to measure temper-

ature distribution in a residential house with varying outdoor temperature. Unfortunately

due to the nature of the experiment it is impossible to have exact boundary conditions

in a full-scale house because of wind, outdoor temperature, etc. Numerical simulations

can therefore give a useful foresight to how a flow behaves in a residential home. For

this section the MICS model that was previously used in the couch model, will also be

applied to the multistory house. Hereafter, this section will verify the model with an

existing experiment, then multiple numerical experiments will be simulated to investigate

the energy consumption in the house when different heating sources are applied will be

run to see if the house can be heated effectively as well as to check if the energy usage

can be improved.

The experiment that will be used for benchmark comparison will be the exper-

iments conducted by Usami [10] in the Sendai prefecture in Japan. Figures 4.8 to 4.11

show the house that was used for the experimental study, including the details of each

floor as well.
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Figure 4.8: Experimental house [10]

Figure 4.9: Blue print of the first floor with temperature measuring locations[10]
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Figure 4.10: Blue print of the second floor with temperature measuring locations[10]

Figure 4.11: Blue print of the third floor with temperature measuring locations[10]

73



4.2 Comparing simulations in a multistory building 4. Application of multiphase model

Table 4.1: Locations of the temperature measuring points (x1[m] × x2[m])

Location x1[m] × x2[m] Location x1[m] × x2[m]

A 2 × 2.3 G 2.4 × 2.5

B 12.9 × 2.6 H 11.9 × 3.5

C 7.3 × 3.5 S1 6.1 × 0.5

D 2.6 × 2.7 S2 6.1 × 0.5

E 11.9 × 2.7 S3 6.1 × 0.5

F 12.9 × 1.8 W1 7.3 × 5.5

W2 8.9 × 5.5

Table 4.1 shows the specific location of the temperature measuring points. The

heights of all measured locations were 1.5 [m] above the floor level. In the preceding

study, the house was heated using different heating apparatus during the winter season

in Japan. The actual outdoor temperature in the area of Sendai varied from 0 [oC] to 11

[oC] [10]. The house is heated by either heat pumps or with the use of floor heaters. The

study was able to obtain indoor temperatures of the house using two types of heating

methods, heat pump and floor heaters. For this research we will be using the effect of the

floor heaters in the house.

Later in the chapter, further numerical investigation is made with the application

of different heating elements in different floors. All the panel heaters are 1 [m] × 1 [m]

and located at the floor level. Figures 4.12 to 4.13 show the plan view of the location of

the heaters on each floor. Each heater covers the major rooms in the house.
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Figure 4.12: Heater location on the first floor

Figure 4.13: Heater location on the second floor
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Figure 4.14: Heater location on the third floor
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This 20 [m] × 12 [m] × 15 [m] house with multiple rooms with walls at some

locations of only 100 [mm] needs a fine mesh. Finally there is the added complication of

heat flow through the walls as it affects the heating in the home. The MICS model will

prove particularly useful, as it is able to solve these. In the following section the application

of the MICS model will be validated with the data from Usami et al. experiment of

the multistory building with different material properties as well. Then later numerical

experiments will be conducted to investigate the temperature distribution within the

house when different heating elements are installed at different locations.
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4.2.2 Validation

Using the study done by [10] the floor heating system is investigated. This will

be the benchmark for the MICS model. Then after the verification is done, different

situations will be analyzed.

Before the simulation is conducted, the 3D house is constructed using CAD soft-

ware. Figures below shows the visualization of the house. Visualization is done by con-

structing a program in C based on the OpenGL platform. The Figure 4.15 shows the

mesh file that is constructed. While figures 4.16 and 4.17 show the visualization using

the program.

The thermal conductivity for each material in the house is shown in Table 4.2.

The heat supplied by the floor heater is 7.8 [kW]. The outside boundary condition is set

at 0 [oC] with the no wind, while the adiabatic condition is used for the floor.

Figure 4.15: Tetrahedron mesh created for the solid parts of the house
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Figure 4.16: House with the coordinate system

Figure 4.17: Visualization of the house from the side
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Table 4.2 Thermal conductivity for materials in the house

Location Conductivity

First floor walls 0.45

Second floor 0.45

Second floor walls 0.13

Third floor walls 0.13

Furniture 0.13

Second floor windows 0.96

Third floor windows 0.96

From the house a mesh file is rendered and exported to the model. The mesh is a

typical tetrahedron mesh file. The mesh file gives the location of solids so that the model

can identify the value of state indicator k as discussed in the computational methodology.

Figure 4.18: Velocity profile of the house in the x1 − x3 plane at x2 = 6 [m]
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Figure 4.19: Velocity profile of the house in the x3 − x2 plane at x1 = 9 [m]
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Figure 4.20: Velocity profile of the house in the x3 − x2 plane at x1 = 4.5 [m]

The simulation was run in a fine mesh containing 240 × 240 × 120 cells. The

simulation was run for 60 minutes of real time, which took 26 hours of computational

time. The computation used 128 processors. The Figures 4.20 and 4.20 show the resulting

velocity profile within the house
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Figure 4.21: Velocity profile of the house in the x3 − x2 plane at x1 = 6.0[m]

The Figure 4.20 shows the cross sectional view of the velocity profile inside the

middle of the house. The green and yellow area indicates the location of the floor heaters.

As the Figure 4.20 shows, the air is drawn to the above compartments, particularly

to the middle. While the side rooms are drawing cold air from the outside. In addition

to this the resulting air that is drawn creates disturbance from the bottom floor as well.
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Figure 4.22: Velocity profile of the house, in the x3 − x2 plane at x1 = 8.5 [m]

Figure 4.23: Temperature at walls in the experiment and current simulation
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Figure 4.23 shows the temperatures at the wall at first floor and second floor,W1

and W2, as shown in Table 4.1 from both the experimental results and the simulated

results. The results in Figure 4.23 are in good agreement for the temperatures.

Figure 4.24: Temperature in the rooms in experiment and simulation

Figure 4.24 shows the comparison of the temperature in different locations of

the house between the experiment and the simulation from the multiphase model. The

model was in good agreement with the experimental results. The multiphase model had

a slightly higher temperature although this is a very small difference.

Figure 4.25 shows that the location of the stairs on the left of the figure plays

an important role in drawing out air in the bottom floors. This forces the air to move

upwards due to buoyancy effects, in turn reducing the heat at the bottom floor.

Figures 4.23 and 4.24 show that the multiphase model was able to simulate the

velocity profile and the thermal profile of the house accurately. Overall the distribution

is in close comparison with the results obtained by Usami [10]
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Figure 4.25: Velocity profile of the house in the x3 − x2 plane at x1 = 7 [m]

Figure 4.26: Velocity profile of the house in the x3 − x2 plane at x1 = 8 [m]
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Figure 4.27: Velocity profile of the house in the x1 − x3 plane at x2 = 4.5 [m]

Figure 4.28: Velocity profile of the house in the x1 − x2 plane at x3 = 7 [m]
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Figure 4.29: Velocity profile of the house in the x1 − x2 plane at x3 = 4 [m]
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4.3 Numerical experiments for heating in house

4.4 Comparing heating in house

In the previous section, it was shown that the multiphase model was able to

calculate the distribution temperature and the velocity profile in the multi-story building.

The simulation also showed that it was able to provide correct distribution of temperature

through out the solid structure as well.

In this chapter, the same experimental house used by Usami [10] will be used

to compare different heating elements in the house as well as compare the effect of the

change in location of these heating elements. To do this we will compare the low cost

heating methods that was discussed in chapter 1. These are;

1) Heating panels

2) Heated floors

The first step is to compare individually the different apparatus within the house.

Then compare them at different locations within the house.

We begin the first set of simulations by placing floor heaters on the bottom floor

and keep all conditions the same as the benchmark condition. The results in the side view

are shown in Figure 4.30 and Figure 4.31. With the same heat source that is delivered

as in the previous case the resulting velocity profile is highly unique. There is a good

distribution of heat in the first floor. However, after the air travels through the stairs, the

buoyancy flow drives the air only through the stairs and tends to skip the 2nd and 3rd

floor until the heat reaches the roof as shown in Figure 4.31. Then the heat slowly travels

down from there. This is a great waste of heat as the current draws the heat up, the

wall cools this air and there is a loss of heat through the wall. However, like the previous

case where the heated floor was on the second floor, there is a large volume of air that

is heated and therefore the simulation shows that there is a large buoyancy current that

travels through the house.
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Figure 4.30: Velocity profile of the house, in the x1 − x3 plane at x2 = 1 [m]

Figure 4.31: Velocity profile of the house, in the x3 − x2 plane at x1 = 8.5 [m]
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The second case is with the use of heating panels. Once again we maintain the

same amount of energy going to the panels using the source term. All other conditions

are kept the same. The resulting distribution is showed in Figure 4.32 and Figure 4.33.

Immediately the lack of flow can be seen. There is very little flow with these heaters

compared to the floor heaters in the previous experiments. As the figures show, heat is

travelled through buoyancy flows and is kept closer to the walls of the house. At that

point, due to buoyancy force, the case of heated floor on 1st floor is repeated and the heat

travels straight to the roof of the house. This is a very ineffective system and should not

be recommend to be used in a multistory building at all.

Figure 4.32: Velocity profile of the house, in the x1 − x3 plane at x2 = 1 [m]
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Figure 4.33: Velocity profile of the house, in the x3 − x2 plane at x1 = 8.5 [m]

Since the heated floor on second floor was already simulated in the previous

chapter we moved on to use of the panels on the second floor. The results from this

simulation are shown in figures 4.34 and 4.35. The results from this simulation are largely

similar to the results in the case with the heated panels located in the first floor. The air

is moved up close to the walls and travels to the top of the room until the flow reaches the

stairs then moved up due to buoyancy effects. As expected, there is very little movement

of air on the first floor. There is a better flow of air on the 3rd floor since the air travels

a shorter distance across the stairs. With the benchmark case of 0 [oC] outside, the heat

delivered is not enough to bring the 2nd floor into a desired comfortable temperature as

the heated air travels to the 3rd floor and as the heat travels it is also cooled as shown in

Figure 4.41. These results are however preferable to the once compared with the panels

located in the 1st floor.
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Figure 4.34: Velocity profile of the house, in the x1 − x3 plane at x2 = 1 [m]
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Figure 4.35: Velocity profile of the house, in the x2 − x3 plane at x1 = 8.5 [m]

The next system is to install floor heaters on the top floor. Figures 4.36 and 4.37

shows the results from the experiment. There is much better movement of air due to the

floor heaters now. However there is lesser effect of buoyancy flow within the house itself.

There is no air moving downwards, which means the higher temperature on the second

floor is due to conduction. Figure 4.42 shows that the 3rd floor is sufficiently heated.

94



4.4 Comparing heating in house 4. Application of multiphase model

Figure 4.36: Velocity profile of the house, in the x1 − x3 plane at x2 = 4 [m]
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Figure 4.37: Velocity profile of the house, in the x2 − x3 plane at x1 = 8.5 [m]

The final two figures 4.38 and 4.39 show the effects within the house when only

the 3rd floor is heated using heating panels. There is a good distribution of temperature

within the floor as shown in Figure 4.42. However, like before the air first travels along

the walls, to the roof of the building. This is not desirable, however the floor eventually

gets heated. The rest of the house does not experience air movement by this system. It

is very clear that this situation is the most desirable position for the heating panels.
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Figure 4.38: Velocity profile of the house, in the x1 − x3 plane at x2 = 1 [m]

Figure 4.39: Velocity profile of the house, in the x2 − x3 plane at x1 = 8.5 [m]
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The above scenarios were repeated with change in location through out the house

as well. However, the results remained consistent with the figures and descriptions from

above. There is a very good conclusion that can be derived from this, that the heat due

to floor heaters are far superior to delivering heat throughout the building at the lowest

cost. There is a lesser effect of the air cooling because of the walls and especially in lower

floors the compartments that need to be heated has a much better distribution of heat.
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4.4.1 Temperature distribution in the house

In this chapter we will discuss the results of this research, specifically the tempera-

ture distribution in the house. Figure 4.40 shows the temperature distribution through out

the house when the first floor was heated using panel heaters and floor heaters. The panel

heaters provided a lower distribution of temperature throughout the house. The results

also show that the floor heater was able to provide a more even distribution throughout

the house, while the panel heater gives a larger variation in temperature.

Figure 4.40: Temperature distribution comparison throughout the 1st floor when heated

with floor heater and panel heater

The simulations were repeated with the floor heaters and panel heaters relocated

to the 2nd floor. Figure 4.41 shows the distribution of temperature throughout the house.

In both heating elements, 1st floor has a lower temperature distribution, however the 2nd

and 3rd floor compartments were heated better overall. Once again as in the previous

case, the floor heater provided a better distribution. This is important here since the 1st

floor has some sufficient heat.
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Figure 4.41: Temperature distribution comparison throughout the 2nd floor when heated

with floor heater and panel heater

Figure 4.42: Temperature distribution comparison throughout the 3rd floor when heated

with floor heater and panel heater
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Finally the last comparison is with the heated elements set on the 3rd floor.

Figure 4.42 shows the distribution of the temperature of the house. This comparison has

the largest distribution of temperature throughout the house. The performance between

the two types of heating apparatus show that, although the heated floor has a slightly

better performance, overall there is very little comparison between the two types of heating

elements throughout the house.

From these data we are able to conclude that distributing temperature throughout

the building is best with floor heaters specially in the case of this multistory building.
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4.4.2 Energy loss in the house

From the numerical simulations conducted on the house, we are able to collect

information on the energy loss from the walls, windows and roof of the house. The energy

loss is taken by calculating the heat flux using the temperature difference at the wall.

Heat transfer rate, q is calculated using Equation (4.1)

q = −kA(T2 − T1)

L
(4.1)

where k is the thermal conductivity, A area of the surface of the energy transfer, T2 is the

temperature of the outside surface of the wall, T1 is the temperature on the plane inside

the wall, L is the normal distance between the two planes and A is the local area at the

plane for each temperature. This equation calculates the heat loss at a local point. In a

surface with constant thermal conductivity k and fixed L, Equation (4.1) can be written

as follows:

Q =
k

L
ΣA2T2 −

k

L
ΣA1T1 (4.2)

where the heat loss is proportional to the diffence in the total temperature across two

planes.
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Figure 4.43: Identification of the planes when calculating heat loss

As Figure 4.43 shows, one of the planes is aligned to the outside surface all the

wall with the two known edge points. The edge points are known from from the data from

the mesh file. From the known edge points, a second set of edge points is extrapolated for

the artificial second plane. The second set of edge points are created by adding a distance

L of 60 [cm].
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Figure 4.44: Method for calculating the local area and temperature

First the cells that align with the wall surface is identified. Figure 4.44 shows a

magnified section of the wall with the cells for the surface of the wall in yellow. Next the

temperature of the surface of the wall is interpolated for each cell in the direction normal

to the plane. The local temperature is interpolated from the surrounding temperatures.

Figure 4.45 shows how the local temperature Ti that is spatially interpolated to the plane

from the known locations of temperature as shown from the Equation (4.3).

Ti =
1

Σaj

ΣajTj (4.3)

where aj is the individual section and the Tj is the surrounding temperature.

The area on the surface of the plane is the distance between the two temperatures

and the temperature integral for the area is calculated using the Trapezoidal rule as shown

in Figure 4.46.
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Figure 4.45: Method for calculating the local area and temperature
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Figure 4.46: Method for calculating the local area and temperature

Next, comparisons are made for the energy loss from the windows, walls and roof

of the house for each heating element. In order to compare the heat loss in the house,

surface area of the house is measured. Figure 4.47 shows the relative surface area of the

house that is exposed to the outside air. Majority of the surface is the walls, while the

smallest area is the windows.
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Figure 4.47: Surface area of the house that is exposed to the outside air

After this the heat flux on the boundaries of the house is calculated in order to

find the heat loss in the house. The heat loss was measured to be 7.77 [kW]. This is

slightly less than the 7.8kW source term. This is possible largely due to the calculation

of energy loss in the assumption of the local area.

Figures 4.48 and 4.49 show the relative heat loss from the house as a percentage.

It is clear that there is no significant difference in the heat loss from the materials when

the house is heated from floor heater or panel heater. Table 4.3 gives the individual

calculated heat loss through each material.
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Figure 4.48: Heat loss due to floor heater

Figure 4.49: Heat loss due to Panel heater
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Table 4.3 Heat loss for each section

Heating method Section heat loss

Floor heater walls 5.04 [kW]

roof 0.84 [kW]

windows 1.89 [kW]

Panel heater walls 4.96 [kW]

roof 0.91 [kW]

windows 1.92 [kW]

The more significant effect from the heat loss is that, although the windows

account for only 4% of the surface area of the house, it is nearly 25% of total energy

loss in the house. The simulations therefore suggest that to conserve energy, it is best to

increase the thermal resistance of the windows.

Further more as shown in Figure 4.50, a comparison of the heat loss between

floors were investigated. There is a large heat loss on the 1st floor while the least on the

third floor. This could be largely associated with the larger surface area on the first floor.

Figure 4.51 shows the ratio of surface area of the house per floor. The 1st floor has the

largest proportion of surface area and could be the reason why first floor has the largest

energy loss.

Figure 4.50: Heat loss at each floor of the house

109



4.4 Comparing heating in house 4. Application of multiphase model

Figure 4.51: Ratio of surface area of the house per floor
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4.4.3 Numerical experiment for energy requirement in multi-

story house

In this subsection, further numerical experiments were conducted on the same

house as in chapter 4.2.1. In the previous subsection, the study investigated the temper-

ature distribution in the house when different heating elements were installed in various

locations. Then the study focused on the energy loss in the house when heating systems

were moved. This section concentrated on changing the conditions so to increase the tem-

perature of the room to a more comfortable 24 [oC]. Specifically, the study focused on the

energy used to heat a particular floor level when each floor level was heated separately.

The experimental house has the same dimensions as the house in chapter 4.2.1. In addi-

tion, the initial and outdoor temperature was assumed to be 0 [oC], same as the previous

experiment. However, to obtain a higher temperature in the house, it was necessary to

increase the source term and reduce the thermal conduction of the materials. This was

done by trial and error. However, the important aspect to investigate is how much energy

was required to heat a single story when each floor was heated separately.

Figure 4.52 shows the setup for each case, where each floor level was heated by

either the floor heaters or panel heaters. The energy that was used to increased the

specific points to a minimum temperature of 24 [oC] was calculated.

Figure 4.52: Comparison of each floor level heated separately

The thermal conductivity for each material in the house is shown in Table 4.4. The

heat supplied by the heater was artificially increased to 10 [kW]. The outside boundary

111



4.4 Comparing heating in house 4. Application of multiphase model

condition is set at 0 [oC] with the no wind, while the adiabatic condition is used for the

floor.

Table 4.4 Thermal conductivity for materials in the house

Location Conductivity

First story walls 0.2

Second floor 0.2

Second story walls 0.05

Third story walls 0.05

Furniture 0.05

Second story windows 0.5

Third story windows 0.5

The measuring points for temperature are the same as in Table 4.1. For each

floor the measuring points are:

Case A: points A, B first floor

Case B: points D, E second floor

Case C: points G, H third floor

The time required to increase each point to a minimum of 24 [oC] was measured and using

Equation (3.1) the energy consumption was calculated. Figure 4.53 shows the calculated

results when each floor was heated only by either floor heater or panel heater. The

largest energy usage comes from the floor heater set on the first floor giving an energy

consumption of 7.2 [kWh]. While the lowest requirement was from the 3rd floor having a

15 % reduction of energy to heat the floor.
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Figure 4.53: Energy required to heat each floor level using different heaters

The energy required to heat the floors is slightly larger compared to the results

used from the floor heaters. As much as 50% more energy was required to heat the 1st

floor while 13% more energy were required to heat the top floor. 10.9 [kWh] of energy

was required to heat the 1st floor using panel heaters. The results suggest that the best

location for human activity is on the third floor as the energy demand is much lower.

The results in these numerical experiments show that there is a significant difference for

heating the floors. The results also show that there is a very small difference in energy

demand to heat a particular floor using different heating element. In this case, the floor

heater provided the least energy demand to heat the floor.
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5 Conclusions

Indoor climate is an extremely large field of study. Research areas in this field

include: materials used in buildings to influence temperature or moisture content, types

of heating systems used in buildings, heating houses using sustainable sources, energy

efficiency of buildings, air pollutants, etc. This study focuses on conducting a numerical

study to investigate the temperature distribution and energy consumption in a room or

house due to specific heating methods. Comparisons of the heating methods and inves-

tigation of the effects of changing the heat source location within the house were made.

Numerical studies were carried out for indoor climate, consisting of velocity, tempera-

ture and humidity, using single-phase and multiphase models. In order to confirm the

accuracy of the computational methods, the numerical results were compared with wide

range of experimental results. Following the verification, it was shown that the numerical

method enables us to find optimum heating method under same heat supply conditions

in a full-scale multistory house.

In Chapter 1, on the basis of the literature survey for indoor climate investiga-

tions, the background and objectives of the present study were made clear. The available

experimental results were also surveyed in the preceding studies, while the current sit-

uations about numerical studies were discussed. Finally, in consideration of optimizing

indoor climate for houses located in cold districts, it was determined that the focus of the

numerical study is place on the following two types of common heating methods: panel

heaters and floor heaters.

In Chapter 2, two types of numerical model were introduced: a single-phase (or

separate-phase) model and a multiphase model. The single-phase model is similar to

the usual computational methods, in which boundary meshes are set up between the

indoor air and surrounding walls. Since the boundary conditions for temperatures or

heat fluxes on the walls must be specified, this model is usually difficult to apply to

actual houses having complicated-shaped wall boundaries. By adding the equation of

humidity to the governing equations for a non-isothermal incompressible fluid, the single

model was applied to the various benchmark problems with relatively simple geometry.
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On the other hand, the multiphase model deals with the gas-solid multiphase field as

one-fluid model in multiphase flows. The fluid computations are conducted in rectangle-

structured cells, while the solid materials are represented by tetrahedron elements, to

which different thermal conductivities can be assigned. In contrast to the single-phase

model, the multiphase one is applicable to the complicated problems, such as indoor

climate in a full-scale multistory house.

In Chapter 3, the single-phase model was applied to various experimental results

to confirm its accuracy. After the comparisons with three-dimensional isothermal cavity

flows and non-isothermal natural convection flows, the single-phase model was applied

to non-isothermal flow with an obstacle plate in the computational region. Finally, this

model was applied to the forced flow with a humidifier on the bottom of the three-

dimensional box. All predicted results were quantitatively compared with the existing

experimental data and it was concluded that the single-phase model can be used to

predict non-isothermal flow with humidity within the three-dimensional domain which has

relatively simple geometry. After this, using the single-phase model, the time required to

increase the temperature in the room using different heating elements was investigated;

this included changing the locations of the heating elements. It was shown that the

floor heaters consumed less time to increase the temperature of the room. This directly

relates to less energy consumed by the floor heaters because energy supplied per second is

constant. In addition, the boundary and initial conditions of a computational area with

simple geometry obstacles can accurately be set up using the single-phase model.

In Chapter 4, using another computational method, the multiphase model, the

indoor temperature and velocity distributions were numerically predicted for an actual

scale three-story house, in which the measured data had been obtained by preceding study.

In order to apply the computational method to the actual house, the solid materials,

such as walls, windows and roofs, are represented by finer tetrahedron elements, while

multiphase field is calculated on structural collocated grid system. For the solid materials

consisting of the house, the corresponding thermal conductivities are assigned on the

basis of the experimental conditions. With the above experimental conditions, two cases

of computations were conducted: 1) computations with the same condition as experiments

and 2) numerical experiments to find optimum heating method. In the first computations,

the heat panels were set up at the same location as the experiments. In the computations,

the temperature distributions and the flow patterns of air within the multi-story house

were obtained taking account of thermal interactions among indoor air, solid materials and
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outside air. With the comparisons with experimental data measured in multiple positions

in the house, it was shown that the multiphase model allows us to reasonably predict the

indoor climate of the house. In addition, the numerical experiments were conducted for

the same multistory house with the different heating methods: floor heaters and attached

panel heaters. From the comparisons with temperature distribution and other thermal

characteristic values, it was suggested that the floor heating method is more efficient than

panel heaters. This model is able to calculate temperature distribution in a computational

area containing complicated shaped objects. It was shown that the multiphase model is

useful to find optimum heating method in actual houses.

Conclusively it was shown that the floor heaters provided a better distribution

of heat even though there is a low power rating of the system. For optimal use of panel

heaters, they should be installed in the bottom of the middle section of the wall. It is not

advised to heat large rooms using the means of panel heaters or installing panel heaters

on the bottom floors.

In terms of future research, the study should simulate first compare other heating

methods that are currently available in the market. The effects of these heating methods

on the distribution of temperature within a house should be compared. Following this,

the distribution of temperature in a building with varying sizes should also be compared.

With this the challenge would be mainly to control the flow of heat. In the case of a

residential house it is useful to heat most of the rooms. However in a larger open space

building it is absolutely necessary to control where the heat flows to as it is probable that

all compartments of the building need not be heated. Therefore, simulating the large-scale

open building using the multiphase model will be interesting topic to cover. In terms of

the models, the single-phase model can be applied to problems with simple geometry that

also requires accurate boundary conditions, while the multiphase model can be applied to

problems that require the calculation of temperature in complicated shaped boundaries.
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