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ABSTRACT

The energy consumption in residential and commercia sector accounts for 1/4 of the total
in Japan. With the information technology (IT) revolution and the improving requirement for
indoor air environment, the energy consumption for household air conditioning has increased.
On the other hand, the air conditioning systems turn to be more sophisticated and difficult for
operation in order to make a good environment and to be energy saving. In this research, a
hybrid air conditioning system, which is an integration of double skin system, displacement air
conditioning and thermal storage system, has been proposed for energy conservation and
therma comfort in aresidentia house. The effectiveness of this hybrid system is appraised by

CFD smulation and field measurement.

In Chapter 1 Introduction, the reasons for the increase of energy consumption, especialy
for air conditioning in residential houses are explained, and the conventiona research on energy
conservation and indoor environment is overviewed For the sake of energy conservation,
occupancy hedlth and easy operation, the importance of the proposition of a new air
conditioning system for residential houses is illustrated. The passive system, such as the double
skin system and efficient air conditioning system, such as displacement system and thermal

storage will be good solutions.

In Chapter 2 Concept of Hybrid Air Conditioning System and its Plan for Residential
House, the definition and targets of hybrid air-conditioning system are presented. By the
integration of passive air conditioning system and improvement on active ar conditioning
system, hybrid air conditioning system will be a good solution for energy conservation and
occupant healthy in residential houses. According to the current technology, the double skin
system, which is one example of the passive system, and the displacement ventilation system,
together with the thermal storage system, which is the improvement of active air conditioning
system, are designed for an experimenta house in Kitakyshu. The details of the experimenta

house and its hybrid air conditioning system are also introduced.

In Chapter 3 Simulation on Natural Energy Utilization n a Residential House with

Double Skin System compared with the conventional house without double skin system, the



double skin system is expected to be more effective in resdential house. Considering the
weather conditions of Kitakyushu, because of the effects of sun shadings and stack effect,
natural ventilation is promoted by the double skin, about 10% solar radiation from the south
direction can be cut down in the summer, which leads to about 15% energy conservation for
cooling load. In winter as more solar radiation enters the house, indoor temperature is able to
become 10-15°C higher than the outside air. At daytime about 20-30% heating load can be cut

down because the double skin space acts as a buffer between outside and inside environment.

In Chapter 4 Field Experiment of Double Sin System in the Experimental House,
experimental results of the double skin system are detailed. In summer, the stack effect is
verified in the double skin space with the temperature gradient of 0.5-1°C/m in the vertica
direction. About 10-25% solar radiation is exhausted by natural ventilation, and this will lead to
15-20% energy saving in cooling. In winter, air temperature in double skin becomes 510°C
higher than outside air temperature. 20-30% hesting load can be cut down because of the green
house effect in the double skin space. The results of smulation and experimental measurements
keep a good coincidence with each other. In the intermediate seasons, the indoor environment
can be greatly improved by suitable controlling on the double skin system without active air

conditioning.

In Chapter 5 Evaluation of Displacement Ventilation System in a Residential Room by
CFD Smulation, the improvement on active air conditioning system is proposed, and the
effectiveness of the displacement system is predicted. Simulations of different air change rates,
different inlet/outlet positions and diffuser characters are carried out in a residential room. And
the energy consumption for cooling and the thermal comfort in the occupied zone are analyzed.
According to the smulation results, athough the air temperature is dratified in the vertica
direction, this may not have an effect on therma comfort in the occupied zone with enough air
supply. Compared with the mixing system, the displacement ventilation may cut down 12-26%
of the cooling load, and the outlet of return air set a a lower position may lead to more energy
saving. And the displacement ventilation system has a better air change efficiency, which is
30% higher than the mixing system. In addition, the swinging diffusers will be helpful for air

distribution, especialy when there are some partitions in rooms.

In Chapter 6 Field Experiment of Displacement Ventilation in a Residential Room, the
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availability of displacement air conditioning system is verified. Air temperature is stratified in
the vertica direction, and it is 26-28°C in the occupied zone (below 1.8m), about 2C smaller
than that above 1.8m. The temperature gradient is about 22.5°C/m, which is smaller than the
recommendation of 1SO7730. PMV is in the range of -0.5 to 0.5 under 1.4m, which nmeans
comfortable environment is realized. The average CO, concentration is 600ppm in the occupied
zone, while it is 200ppm greater near the ceiling, which shows the air exchange effectiveness of
the displacement system is better. When return outlet is set at 1.8m high, the exhaust outlet is set
on the ceiling, and the cooling load is about 50-60W/nT, which is 20-30% smaller than that of
conventional mixing system. In addition, the smulation results in Chapter 5 have a good
accordance with the measured values, and the correlation coefficient for temperature is 0.95,

0.82 for air velocity.

In Chapter 7 Effectiveness of Thermal Sorage System in a Residential House, the
improvement on heating and cooling system is proposed. With the introduction of displacement
air conditioning system, in order to make use of midnight electricity and supply air with great
temperature difference, effectiveness of thermal storage system is studied. The proposed system
uses heat pump to produce ice during the nighttime, store it for air conditioning in the next day,
and the waste heat will be used for hot water supply. The direct heat exchange between air and
ice is adopted in the thermal storage system in the experimental house. The performance of this
system is analyzed by smulation. From the results, electricity consumption of proposed system
is 23% lower than that of the conventiona system. About 40% energy cost can be saved and
25% CO, emission can be cut down because of the nighttime operation and heat recovery.
Suppose the life of the equipment as 20 years, the sum of initia cost and running cost of these
two systems is almost the same. The experimental results in summer show that the direct heat
change is successful, and the performance of the therma storage system will go up with the
predictions if the heat loss is small.

In Chapter 8 Conclusions, the whole summary of thisthesis is presented.
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CHAPTER 1
INTRODUCTION

The energy consumption in residential and commercia sector accounts for 1/4 of the total,
and the energy consumption in residential houses accounts for 14% of the total in 1999 in Japan
with the annual increase of about 2%. In order to fulfill the targets of Kyoto Protocol, the energy
conservation for residential houses should be paid more attention. With the information
technology (IT) revolution, SOHO (Small Office and Home Office) applications are popularized
to redize working in homes. At the same time, the human requirement for living has aso been
improved, especialy for indoor air environment. All these lead to the increase of energy
consumption for household air conditioning.

On the other hand, the air conditioning systems seems to be more sophisticated and
difficult for operation in order to make a good environment and to be energy saving. It is known
that many of the existing buildings consume more energy than they were designed without good
commissioning or maintenance.

Therefore, the residential houses should be designed for the sake of energy conservation,

occupancy health and convenience of operation.

1.1.Lifestylevariation and household energy consumption

Japan has become an aging society with fewer children, and the ratio of population over
age of 65 will increase from 14.6% in 1995 to 32.3% in 2050, while the tota fertility rate
decreases from 1.75 in 1980 to 1.39 in 1997, according to the statistics of Ministry of Public
Management, Home Affairs, Posts and Telecommunications (Statistics Bureau of Japan, 2001).
The variation of household structure is shown in Fig.1-1, and the average number of persons per
household declines from 3.28 in 1975 to 2.67 in 2000. On the other hand, the living conditions
have been greatly changed, as well as their lifestyle. For example, Fig.1-2 shows that the
popularity rate of room air conditioner increases from 2% in 1965 to 86.2% in 2000, while
computer increases from 11.7% in 1986 to 50.1% in 2000 (IEEJ, 2002).

Correspondingly, the household energy consumption has increased in recent decades. The
household energy consumption reaches 53219 10™ kcal in 2000, which is 2.2 times as much as
that in 1973 (IEEJ, 2002), and the detail structures are shown in Fig.1-3.

-1-
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Fig. 1-2. Popularity rate of room air conditioner and computer in Japan

Energy consumption for heating accounts for 27.6%, hot water for 28.3%, and other
appliances for 35.2%. Although the ratio of cooling is the smallest, it has increased fastest in
recent decades. Fig.1-4 shows that the ratio increases from 0.4% in 1965 to 2.2 % in 2000 (IEEJ,
2002).
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The reason why the cooling part has increases so fast lies in that the living conditions
have been improved, as well as the variation of lifestyle and occupant requirements.

According to National Time Use Survey 1995 of NHK Broadcasting Culture Research
Ingtitute, about 60% people stay up until 11:00 in the night, while only 25% in 1995.

With the information technology (IT) development, small office & home office (SOHO)
applications have been popularized in recent years. People work at their homes by means of

computers and information technology.



All these lead to the increase of cooling load in houses, therefore energy saving for air

conditioning should be paid more attention.

1.2.Healthy requirement and ventilation

So far people spend about 90% of their time indoors. With the popularization of SOHO
applications, people will spend more time in their homes and the health risks associated with
indoor environment may be greater.

The houses become more airtight for energy saving and thermal comfort in these days
with the synthetic and minerd insulation materials, but most of them may emit volatile organic
compounds (VOCs). Furthermore, hazardous chemicals such as paints for furniture, cleaning
materials, polishes and other interior decorations exist in many houses. All these could lead to
the sick house problems.

According to the survey on indoor pollution by National Consumer Affairs Center of
Japan (NCAC, 1998), sick house problems occurred in 13.1% newly built mansions (Fig.1-5a),
among which 50% accounts for formaldehyde, 15.4% for xylene and toluene, 5.8% for pesticide,
unknown sources 19.2%, and the others 9.6% (Fig.1-5b).

No answer

Occurred
13.1%

Unknown
sources

Formaldehyde
50%

Havenot
occurred
86.6%

Xyleneand
toluene 15%

(a) Sick house problems occurred (b) Reasons for sick house

Fig. 1-5. Survey of indoor pollution by National Consumer Affairs Center of Japan



On the other hand, the tight structures separates people from the outside atmosphere,
occupancy is very difficult to communicate with the outside world. While the conventional
room air conditioners only cool the room ar and make air circulation within rooms, the
inadequate fresh air supply contributes to poor indoor air quality.

According to the survey of the National Association of Home Builders, among 60963
single and multifamily homes built by 2282 different American building companies in 1995,
only 3.3% are equipped with fresh air exchanger (Schoenwetter, W. F. 1997).

Ventilation plays an active role in exhausting contaminants, diluting potentialy
contaminated indoor air, as well as controlling the indoor humidity and temperature. According
to ASHRAE Sandard 62, the minimum outside air ventilation for one person is 8L/s, i.e.
28.8m’/h.

There are two ways for redlize ventilation in houses, one is mechanical ventilation, which
is independent from the building shell, and the other is natural ventilation, which relies on
leakages or openings, such as windows and doors.

Samet et a. note, “Control of ventilation in residences is particularly difficult. Natural
ventilation varies with weather conditions, construction, and occupant activities, and air
exchange can be readily atered only if the house is equipped with a central heating and cooling
system designed to control fresh air intake. Equipping a home with a heat exchanger, either a
window unit or a central system, provides a modest increase in air volume exchange” (Samet,
JM. 1988).

If the mechanical ventilation operates constantly and consistently, it will be good for

indoor environment. Of course, thiswill lead to more energy consumption.

1.3.Conventional research

As for the energy conservation and the indoor air qudity in buildings, alot of researches
have been carried out. Many technologies, which are often used in office buildings with large

floor area, may be possible for residential houses.

1.3.1. Doubleskin system
Nowadays the fully glazed facade systems become very popular, which satisfy human
needs for visual communication with the outside world, and admit more solar radiation for

lighting and heating. The exterior and interior appearance of a building has been greatly



improved.

And the indirect gain solar houses use the south-facing wall surface or the roof of the
structure to absorb solar radiation, which causes a rise in temperature. With using the glass
instead of masonry wall, the glazing reduces the loss of heat from the wall back to the
atmosphere (ASHRAE, 1995). Openings in the walls, near the floor, and near the ceiling alow
convection to transfer heat to the room, the air in the room warmed by solar radiation rises and
can be exhausted to the outside. Cool air flows through the lower openings. This system is
illustrated in Fig.1-6 (&), which is the prototype of the double skin system (IBEC, 1985). The
disadvantage of this system is that the natura ventilation will be not possible when the outdoor
temperature is high or too low. Recent development is the double skin system shown in Fig.1-6
(b). At the outside of the south wall, one more exterior glass wall is built, and this space
between the two walls is called double skin space. The main components are dass windows,

sun shading and ventilation devices.

Indoor Environment

(@) Indirect solar house (b) Double skin house

Fig. 1-6. Development of indirect solar house to doulbe skin house

There are basicaly two kinds of double skin systems, one is the multi-story type and the
other isthe single-story type.

The example of the multi-story type double skin system is illustrated in Fig.1-7, which
was adopted in the main building of Obayashigumi technology research institute completed in

1982. This building has a floor area of 3775m* with four stories (three stories above the ground,



one story under the ground). The exterior glass is reflective coated type with the thickness of
8mm, while the interior glassis ordinary flat glass with the thickness of 5mm. The exterior wall
has a slope of 5 to reflect the solar radiation in the summer. The width of the double skin is
1.2m at the bottom floor, while it is 2.4m at the top. The double skin space is divided into four

stories by grills, which can aso act as shadings. In addition, the ventilation devices are aso

equipped.
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Fig. 1-7. Multi-story type double skin system in the building of Obayashigumi Technology
Research Ingtitute, Tokyo, Japan (1982)

In the summer, the upside and lower openings are opened, although the temperature in the
double skin space will be increased, natura ventilation caused by thermal forces can exhaust
heat, which is called stack effect. While in the winter, the openings are closed, the double skin
gpace act as a greenhouse, which can be used for pre-heating the outside air of the whole air
conditioning system. Oka, T. (1984) did some measurements in this building. The air change
rate caused by natural ventilation reaches 50-100 per hour in the cloud days in summer with the
temperature in double skin of 3-4°C higher than the outside, and 22% energy consumption can
be cut down by stack effect when the rate of south window area is 50%; while the air in this
space can absorb 16% solar radiation with the temperature of 27-32°C, and 24% energy
consumption can be reduced in winter.

The example of the single-story type double skin system is illustrated in Fig.1-8, which
was adopted in RWE tower in Essen, Germany in 1997. The building has a floor area of

36000m’ with twenty-nine stories and three basements, and it has a cylindrical shape with a



double skin system around the entire fagade. The exterior glass is 10 mm thick strengthening
glass, while the interior glass is multi-type or Low-E glass (6mm+air 14mm+6mm), which is
0.5m away from the exterior glass. And the louver sun shadings are also installed. About

30-35% of the energy for air conditioning can be saved in one year (Ohga, H. 2001).
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Fig. 1-8. Single-gory type double skin system in RWE Tower, Essen, Germany (1997)

Recent studies about the double skin system can aso be found in Sendai Mediatheque
completed in 2001 in Japan, according to the measurement in winter, even with less solar
radiation, the air in the second story is 5°C higher than the outside air, while it is 810°C above
the third story, and 30-50% heating load can be cut down (Furubayashi, T. et a. 2001.). Henson
(2002) made a study on the energy conservation performance of double skin and confirmed that
15-17% cooling load from 2" floor to 8" floor in summer can be cut down. The lower stories
would have more significant energy savings.

The smilar system is aso proposed by Zhang and Ishihara (1997) in a new type of
residence with solar heating, earth cooling, and air circulation, which is called the SEA house.
Thermal insulation, heat storage and air circulation are used to maintain the room temperature at
acomfortable level and reduce the temperature difference between the south side and the north
side of the house. In summer, the opening in the lower floor is opened so that the air can be led
to the ventilating layers though the earth tubes. After cooling the solar collection storage wall on
the south and the heat storage wall on the north side, the air is exhausted to the outdoors by a
fan, as shown in Fig.1-9. While in winter, the cap of earth tube is closed, solar radiation is

absorbed by the solar collection wall and southern storage wall, then the air temperature in the



south ventilation layer is raised, and the air temperature in the north ventilation layer drops
because of the northern storage wall, therefore the air circulates in the room. Simulation results
show that the room temperature can be maintained at less than 28°C in summer and more than
18°C in winter without air conditioning. This SEA house is a fully passive house and amost
free of nonrenewable energy for cooling and heating in mild regions, such as Tokyo. The

function of ventilation layer in this study is similar to that of the double skin space.
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Fig. 1-9. Sketch of the SEA house and its performance in summer

1.3.2. Displacement ventilation

If people work in the SOHO, they will need a longer time air conditioning and a better
indoor environment. As for the conventional mixed ventilation system (Fig.1-10a), it supplies
air from near the ceiling, and the outlet is set near the floor, and the whole room will be kept to a
uniform temperature, even those places near the ceiling, where air conditioning is unnecessary
in fact. But for the displacement ventilation (Fig.1-10b), it supplies ar from near the floor, and
the return air outlet is set at the high part of the room, while the exhaust outlet is on the ceiling.
Only the occupied zone is conditioned. And the convection heat from the ceiling, as well as the
heat from lights, would be discharged with the exhaust air. Furthermore, the contaminant occurs
from the occupant will also be exhausted at the higher places, and they would have little effect on

the occupied zone, thus the ventilation effectiveness of displacement system is good.
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Fig. 1-10. Sketches of mixed ventilation and displacement ventilation system

The displacement ventilation system has been widely used in office buildings in the North
Europe. Asthe conditioned air is directly supplied into the occupied zone at alow velocity, and
the temperature stratification occurs in the vertical direction by the buoyancy force. Skistad, H.
(2002) stated that the displacement ventilation had more potential for free cooling, and needed
less cooling energy than mixing ventilation. This is very obvious in high rooms. And the air
change efficiency of displacement ventilation would be 20-40% higher than that of mixing
ventilation (Mundt, 1994). Svensson, A. G L. (1989) stated that the convection heat from the
celling, as well as the heat from lights, would be discharged with the exhaust air. And the
contaminant occurs from the occupant can also be exhausted at the higher places, and they have
little effect on the occupant area, thus the ventilation effectivenessis good.

Tanabe, S. and Kimura, K. (1996) measured the age of air in an office room with three
difference ventilation systems, they concluded that a wall-mounted displacement system
provides better air quality than a floor-mounted displacement, and the floor —mounted system is
better than a ceiling-mounted mixing system. Murata, T. (1998) investigated the displacement
ventilation system in a concert hall, and the PMV in the accupied zone is below 0.5, and the
energy consumption of air conditioning was about 70W/n in the summer.

The air exchange effectiveness of the completely mixed air conditioning systemis 1, while
itis2 for an ided piston type displacement ventilation system (Matsumoto, H. 2002). Therefore
the practical air exchange effectivenessis usualy between 1 and 2.

Ikeda, K. (1996) pointed out that the temperature difference between supply air and room air
was 45°C, while it was about 815°C for the mixed system, but the airflow rate would be larger.
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He compared the thermal comfort in the indoor environment between the displacement ventilation
system and the conventional system, and stated that the displacement system had a low

dissatisfactory and was expected to have alow air conditioning load.

As the supply air temperature of displacement ventilation can be higher, the availability
for free cooling natural ventilation may be enlarged.

Jackman, P. J. (1991) stated that a way of increasing the cooling capacity of displacement
ventilation systems is to recirculate some of the room air in the occupied zone through an
induction circuit, i.e. the room air is induced into the supply air and is mixed with it before
being discharged through the low-velocity air terminal device into the room. This reduces the
room air temperature gradient for a given cooling load, thus alowing a cooling load limit of up
to 50W/nt.

But it should be pointed out that as temperature stratification occurs in the occupied zone,
according to the standard of 1SO7730, the recommended temperature gradient should be smaller
than 3°C/m. And for an occupart, the air velocity in the occupied zone should not be larger than
0.3m/s.

In addition, if the displacement system is adopted, air-handling unit, which supplies
conditioned air, is necessary. Therefore there should be a heating and cooling machine, and the

energy saving for machine is also important.

1.3.3. Thermal storage

As SOHO applications have been popularized fast, the electricity consumption will be
increased with the popularization of the household appliances. According to the survey
conducted by SOHO Think Tank (2001), the popularity of computer accounts for the biggest of
93%, then the printer for 92%, and telephone for 86%, as shown in Fig.1-11.

The electricity consumption in a house with SOHO application with floor area of 180,
among which 25nT is for SOHO, is shown in Fig.1-12. The eectricity demand of SOHO can be
calculated by the unit of intelligent office, while the demand of conventional room is calculated
by the unit of a suburb residential house (Ojiama, T. 1995).

Because the eectricity demand increases in the daytime, the air conditioning load will
increase correspondingly, while it is small in the evening. The difference between peak load and
off-peak is also increases.

Therefore it is necessary to use the thermal storage system in the residential house, and it

has the following benefits:
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Fig. 1-11. Ratios of household appliances in the SOHO rooms
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Fig. 1-12. Electricity Power Demand for common use in a house with a SOHO room
Reducing equipment size: it can be used to meet a portion of peak |oads, equipment size
will aso be reduced, as well as the capita cost;

Energy cost savings. because the nighttime price of electricity is only 1/4 to 1/3 of the
daytime, more electricity used in the night will lead to more energy cost saving;



Energy savings and environmental benefits: thermal storage permits the operation of
equipment under full-load conditions, avoiding inefficient part-load performance. Fiorino
(1994) dated that it reduce annua energy consumption for air conditioning by up to 12%.
And the energy savings will decrease the emissions of CO,, NO,.

The research and development of small size therma storage system has been done for a
long time. Ten eectricity power companies of Japan (Tokyo Electricity Power Co. and others),
together with four air conditioner manufactures developed an Eco-ice storage unit in 1999,
which aims to the small shops, and office with floor area of 100-200nT. The detail specification
of thisunit is shown in Table 1-1.

Table 1-1.  Specification of the Eco-ice Storage Unit

Item Cooling Heating

Output 12.5-19.1kW 11.2-19.4 kW

Power (Input) 3.2-4.7 KW 3.39-5.12 kW

Thermal storage capacity 95MJ

Charging time 5 hour

Discharging time 8.1 hour

Thermal storage method Static mode Defrost mode

Dimension L1000" W620" H1455 (Therma storage unit)
1880 W345 H1345 (Outdoor unit)

Source: http://www.daikinaircon.com/catal og/d-catal og/ice/ekoaisu/f_setl.html

As the Eco-ice storage system is not designed for residentia houses, whose cooling load
is smaller, the size is very difficult for a common house (Fig.1-13). Therefore a smaller system

is needed for aresidentia house with SOHO applications.

1.4.0Dbjective of thisresearch

In modern society, with the quick development in economics, lots of buildings have been
constructed, while a great number of wastes have been left. In order to reduce their impacts on
globa environment, the technology of recycle is a good solution. The energy conservation
should be paid enough attention in the periods of construction, operation and dismantling.

Nakajima, Y. (2000) provided a residential system for low environment impacts and resources
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circulation in the recycling of building material especialy in the period of construction and
dismantling. And the proposition was verified in the experimenta house in Kitakyushu with the
ratio of recycle of 0.87 and reuse ratio of 0.97 (Kanemori, Y. 2002). In this research the energy
conservation is studied in the design and operation period from the point of building equipment

in the future houses.

T R

F TR

Eco-Ice Storage Unit 1445

— -

Ice Storage Unit Outdoor Unit

Fig. 1-13. Main parts of the Eco-ice Storage System

The features of future residential houses are shown in Fig.1-14. The eectricity demand
and air conditioning demand will be increased, because of the popularization of SOHO
applications and healthy demand from occupancy.

As for energy conservation in residential houses, using natural energy will be the best
choice, and people will have more chance to access the outside world, communicate with it, and
enjoy it.

Solar energy is a basic kind of natural energy, and it is well known that solar radiation
can be used for heating for along time, but it can be used for cooling in summer.

As the double skin system works effectively in both summer and winter, it can not only
exhaust solar heat by the stack effect in the summer, but aso introduce more sunlight and
acquire heat by greenhouse effect in the winter. During the intermediate seasons, natura
ventilation can be easily promoted by opening the windows, and this will give people chance to
access the outside world. Therefore, this system would be available for residential houses, and it

can be called passive air conditioning system.
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Increasing of heat generation in rooms
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Better indoor environment
—— Good Indoor air quality

—— Diversity of occupant

Fig. 1-14. Features of future residential houses

But the biggest shortcoming of passive system is that the uncertainty and variation of
climates, i.e. it is not available in hot and humid days or in cold days without enough solar
radiation. Mostly, It can only act as an auxiliary for the mechanical air conditioning. Therefore,
something should be also considered for the mechanical air conditioning system, i.e. active air
conditioning system.

As it is well known there is not necessary to supply conditioned air to the whole room,
supplying conditioned air only to those occupied zone will lead to more energy saving. The
displacement ventilation system can be available to supply air directly to the occupied zone.
Because the supply air can be a little higher, the outsde air can be used a little widdly.
Moreover, the displacement vertilation has good air change effectiveness, and this will meet the
occupant healthy requirement.

In addition, with the introduction of displacement system, ar-handling unit (AHU) is
necessary. If AHU can not only supply air for the displacement ventilation, but also use for
thermal storage, this will leads to saving more space for equipment, as well as energy cost and
energy consumption.

From the above discussions, the best means of air conditioning is the integration of the
passive air conditioning system and the active system, i.e. the hybrid air conditioning system.

In this research, first the author describes the basic concepts of hybrid air conditioning
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system, and then proposes a hybrid system plan for a residential house based on the
consderation of architecture design and equipment system design with the integration of
passive system and active air conditioning system, finaly appraises the effectiveness of the
proposed hybrid air conditioning system in a residential house by simulation and field

experiment.

-16 -



CHAPTER 2
CONCEPT OF HYBRID AIR CONDITIONING SYSTEM AND ITSPLAN
FORRESIDENTIAL HOUSE

In Chapter 1, it is noted that the hybrid air conditioning system is the integration of
passive air conditioning system and active air conditioning system. In the following part, firstly,
the targets and concepts of hybrid air conditioning system are described, and then the possibility
and availability of the hybrid ar conditioning system is discussed, finaly a hybrid air

conditioning plan is proposed for a residential house.

2.1.Conceptsof hybrid air conditioning system

Under the natura climate conditions, the worst indoor environment may occur because of
poor insulation and air tightness of building envelopes, lack of sun shadings, or too much heat
release from appliances, which lead to low temperature in winter and high temperature in
summer. The basic consideration for indoor environment is by the architecture design, such as
good insulation, consideration of solar radiation, and natural ventilation. By the introduction of
solar radiation and outside air, the indoor environment can be improved grestly, which is called
natural energy utility. But according to the real situations, when it is impossible to make comfort
environment, the further improvement depends on the mechanica means, exhausting heat or
acquiring heat by refrigerator or boilers, which is called active air conditioning. Of course, this
consumes energy, such as fuels or eectricity.

The similar situation in Fig.2-1 occurs in every day, which means the natural energy
utility can be combined with the mechanical air conditioning even in summer or in winter by
making the best of the outside climate.

2.1.1. Definition and targets of hybrid air conditioning

The acceptable indoor environment for residential houses is dry-bulb temperature of
17-28°C with the relative humidity of 40-70% (Inoue, U. 1996). The design of indoor
environment can be divided into two aspects, one is architecture means, and the other is
mechanical means (Fig.2-1). Although the passive systems can redlize therma comfort with less
energy consumption by the way of natura ventilation and solar radiation, they are mainly

depended on the outside climate conditions. Accounting for the limits of application for the
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passive system, the mechanical system is designed for the insurance of indoor environment,
especidly in the peak time of summer and winter. The heating and cooling devices are often

used for air conditioning, with the consumption of electricity, gas or oil.

Variation of indoor environment Worg indoor environment
/

Depends on architecture design Natural indoor environment

Passive methods and natural ventilation

Architecture means

Mechanical means

Mechanical means //// Comfort indoor environment

By active air conditi oning,
exhaust or acquire heat

Architecture means

Winter Spring Summer Autumn

Fig. 21. Condderation of creating indoor environment

According to the outdoor climate of Yahata (Kitakyushu) in the typica meteorological
year, the time when the outdoor climate is in the acceptable range is 11% of 8760 hours in a
year (Fig.2-2), which means free cooling maybe available only Ly introducing the outside air
into the houses, if the indoor heat releaseis not so large.

When the outside air is higher than 28°C, it is not available for free cooling by ventilation.
People have to use mechanica air conditioning for cooling to ensure indoor therma comfort.
With the application of specialy designed passive system, the energy consumption for the
mechanical cooling will be aso reduced even in the peak summer.

Therefore using both passive (natura) air conditioning and active (mechanical) ar
conditioning, i.e. the hybrid air conditioning system maybe the good solution for a residential
building.

The target of hybrid air conditioning system aims to using more natural energy, such as
solar radiation, natural ventilation and less mechanical air conditioning to control the indoor
environment within the acceptable range, thus to reduce the overall energy consumption in
buildings, as well as occupant hedlthy.

In the past, most air conditioning systems just create an indoor environment that will
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remain at arelatively constant temperature and humidity, regardless of the outdoor conditions.
The basic consideration of the hybrid system is to actively use the outdoor environment climate
to control the indoor environment. Since the indoor environment will be greatly affected by this

application, there needs an integration designing of architecture and equipment.
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Fig. 2-2.  Outdoor ar of Yahatain the typical meteorological year

Furthermore, with using the outdoor conditions occupants play an active role in
controlling the indoor environment. They can open the windows to make natural ventilation,
draw up/put down the blinds to control solar radiation or lights according to own will, therefore
they may have more chances to communicate with the outsde world for visua enjoying,
healthy requirement, and thermal demand.

In genera, the basic considerations of hybrid air conditioning system are illustrated in
Fig.2-3. The integration of the passive air conditioning system and the active air conditioning
aims to energy conservation, occupant healthy. In addition it should be easy to operate.

Hybrid ventilation is very popular in Europe, and there are many successful applications
in Norway, Netherlands and Denmark. The main reason may lie in that the outdoor temperature
is lower even in the summer, which can be used for free cooling.

According to the program of Wesather data for Energy Anaysis and Design of Air
conditioning system (WEADAC) made by Akasaka Hiroshi (1998), the comparison of average
temperature in summer between Fukuoka of Japan (August) and Copenhagen of Denmark (July)
is shown in Fig.2-4. The maximum temperature of Copenhagen is about 20°C, which isin the
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acceptable range shown in Fig.2-2, and only ventilation may be available for cooling in
buildings there. But the temperature in Fukuoka is much higher than that in Denmark, with the
maximum of 32°C. Only ventilation will be not available for therma comfort, therefore the

active cooling system is necessary in Fukuoka in summer.

Hybrid Air Conditioning system
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Passive Air Conditioning

Active Air conditioning
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Natural Force
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Mechanical Force
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Solar Radiation

Room Air
Diffusion methods

Heating/cooling
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Y
Energy Conservation Occupant Healthy Easy Operation

Fig. 2.3.  Considerations of hybrid air conditioning system
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Fig. 2-4.  Outdoor temperature difference between Fukuoka and Copenhagen
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The main difference between hybrid ventilation and hybrid air conditioning lies in that
the later is emphasis on taking advantages of outdoor climate, even when it s difficult to use
passive air conditioning system directly. Because ventilation depends on the temperature
difference between outdoor and indoor environment, hybrid air conditioning have a more
widely application.

The targets of hybrid air conditioning can be expressed as follows.
2.1.1.1. Energy conservation and Global pollution reduction

By using more passive air conditioning and less active air conditioning, the hybrid air
conditioning system aims to reduce the household energy consumption. Studies show that
compared with buildings with a conventional cooling and ventilation system, buildings using
natural and hybrid ventilation systems have a 25-50% reduction in energy use (CIBSE, 1997).
Because the air conditioner consumes about 30% of the finial energy consumption in residential
house in Japan, the hybrid system will bring about significant energy consumption. Also, from
the point of global environment protection, this will have an active impact on the decrease of

emissions of CO,, NO,, SO, and so on.
2.1.1.2. Occupant healthy and higher satisfaction

As the outdoor climate will be actively introduced into the room by hybrid systems.
Brager, G. S. et d. (2000) conducted a research on adaptation in buildings. They collected
21,000 sets of raw data compiled from previous therma comfort field experiments in 160 office
buildings in four continents covering a wide range of climate conditions. This research shows
that:

People adapt their behavior to become more active participants in the control of their

environment, when they can open/close windows.

People prefer a wider range of indoor temperatures, and they have tolerance to
temperature deviations in an open space, while they have less tolerance in a sealed,
ar-conditioning space.

This confirms that when the outdoor climate is available for free cooling or natural
ventilation, occupants should be given enough chances to have access to the environmental
control, which will be good to eliminate the pollutant in rooms, and introduce more outside air
for refreshing. According to the climate sStuations in the intermediate seasons, natura

ventilation is possible for the many places in Japan. But during the summer, only a few time is
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available for free cooling, the active air conditioning should be adopted to realize the hedthy
requirement.

According to different rom air diffuson systems, the displacement ventilation system,
which has a better air change effectiveness, can remove contaminants in the occupied zone and
will be good to the occupant hedlthy.

In addition, as the displacement system supplies air directly to occupied zone, the
convection heat from the ceiling, as well as the heat release from lights, would be discharged
with the exhaust air. Therefore, the cooling load from the high places will be decrease, and this

can lead to energy conservation in residential houses.
2.1.1.3. Easy operation and maintenance

Hybrid air conditioning system is the integral of passive system and active system, but it
does not mean its comprehensive operation. These days, the commissioning and maintenance of
an instalation seems to be difficult, which needs qualified technical personnel. As for the
equipment in the residential houses, considering the age of occupants, the operation and
maintenance for the hybrid system should be simple, and easy to ke manipulated. It needs

comprehensive design of architecture and equipment system.

2.1.2. Auvailable technologiesfor hybrid air conditioning in residential house
Technologies for hybrid air conditioning can be divided into two types, one is passve air

conditioning and the other is active air conditioning. The former pays more attention on natural

energy utilization and less nonrenewable energy, while the later emphasizes on the efficient use

of nonrenewable energy.
2.1.2.1. Passiveair conditioning system

The passive systems make the most of the outdoor conditions to improve the indoor
environment, such as solar radiation, therefore little nonrenewable energy is required for heating,
cooling and lighting. By adjusting the opening area of windows or other equipment, the outdoor
air temperature, humidity, wind or geotherma energy can be used to control the indoor
environment. The active use of solar radiation system for heating has been widely used, such as
the solar collection, storage and distribution system for domestic hot water and space heating.
The passive solar systems can be divided into two categories, one is the direct gain passive
system, such as the green house, and the other is the indirect gain passive system, such as the

double skin system.
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Green house

The green house uses a large south-facing glass to take in solar radiation, and the direct
solar gain can not only warm the room in the daytime, but also can be stored for the nighttime
heating. The add-on greenhouse (Fig.2-5) can be used as solar attachments in suitable
orientation, which provide a buffer between the indoor environment and the outside conditions
(IBEC, 1985). During the daytime the warm air from the greenhouse can be introduced into the
occupied area in winter. Of course, sun shadings, ventilation in the green house and insulation

of the roof should be paid enough attention to avoid overheating in summer.

\I AN S~ ROOf
LN
\
wall
Exterior lcljlt enar Room
Glass Green e
House
Floor
Fig. 2-5. [llustration of an add-on green house
Double skin system

The double skin system also uses the south-facing wall/windows to absorb solar radiation,
which is shown in Fig.2-6. Compared with the green house, the width of the double skin space
issmaller, and the ventilation equipment and shadings are equipped too. This double skin space
acts as a buffer between the indoor environment and outdoor climate. Solar radiation can be
reduced by the interior shadings, and some can be exhausted by the natural ventilation because
of the stack effect in summer, therefore the solar heat gain can be greatly reduced.

While in the winter openings are al closed, more solar radiation can be introduced into
the rooms from the south windows, and the air in the double skin space can aso be warmed up
to prevent heat loss from the house. During the intermediate seasons, the outdoor air/wind can
be easly introduced into the rooms through the exterior windows. In these passive systems, the
indoor environment can be controlled by operating the window shades or openings manualy. It

isthe most smplest and reliable control method, which has been widdly used so far.
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Fig. 26.  Double skin system in residential house

Evaporative cooling

As for the roof, the cooling effect from water evaporative can be used in the cooling

seasons, which depends on the outside air temperature, humidity and wind. The example is the

roof spray cooling system, which is shown in Fig.2-7. Water is sprayed over the roof surface,

and it will evaporate with the help of wind, a the same time absorbing heat from the roof. This
can reduce the roof surface temperature by 4-15°C (ASHRAE, 1997). If there is solar radiation,

the increase of roof temperature will make the water evaporation faster. On the contrary, the

evaporation can protect the roof from temperature increase.
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Fig. 2-7.  Sketch of water roof spray cooling system
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Roof planting

Another consideration for the roof is planting, i.e. covering the roof by trees or lawns
(Fig.2-8). The plants and the sail (with the thickness of about 200mm) provide shading from the
direct solar radiation, and they aso provide good insulation. They can keep the surface
temperature of roof to be relatively constant both in summer and in winter. During the summer,
the evaporate effect of plant is expected to reduce the air conditioning load. In addition, it also
provides the occupants more chances to have access to the outside environment, which will be
helpful to improve occupant health.

Plants

Bl s >,

Wall

Residential House

‘fii“ ’:,iﬂr
Floor Y

/

Fig. 2-8.  Sketch of roof planting

Cool tube system

The variation of temperature in the ground is very smdl, it is about 20°C at the depth of
2m from the surface of the earth even in summer, and it can be avalable for cooling. The
outdoor air runs through the tube buried in the ground with the help of a small fan (Fig.2-9), and
it can be cooled the room for air conditioning.

Other technologies are also available for passive cooling. For example, the solar chimney
system, which absorbs heat from solar radiation, makes the indoor air move by stack effect, and
thiswill lead to natural ventilation in buildings.

Accounting for the comparison in cost and maintenance, the double skin system is

proposed in a residential housein the next section.
2.1.2.2. Activeair conditioning system

As for the active air conditioning system, it can be considered from two inspects: one is

the air diffusion method, and the other is heating/cooling source.
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Fig. 29.  Sketch of cool tube system

According to the air diffuson methods, systems can be divided into mixed type,
displacement ventilation and local type. As the mixed type has been widely used, it creates
relatively uniform air velocity, temperature, humidity and air quality in the occupied zone. But
considering occupant healthy, the indoor contaminants cannot be discharged effectively, and the
places where air conditioning is not needed are also conditioned. Therefore the mixed system
can beregarded as agood air diffusion method.

Displacement ventilation and local systems, such as task and ambient air conditioning,

are better in the point view of healthy and energy saving.

Displacement ventilation
As is mentioned in Chapter 1, the air (from air handling unit) with temperature dightly
lower than the room air is supplied directly from the diffuser near the floor, and then goes
directly to the occupied zone with an average velocity of about 0.5m/s. The exhaust outlet is

located near the ceiling, which can exhaust the warm and polluted air (Fig.2-10a), therefore the
energy will be used more efficiently.

Task and ambient air conditioning
The task and ambient system is developed from the displacement ventilation, and
conditioned air is supplied localy for occupied area, such as desks, seats. Conditioned air is
supplied to the breathing zone of the occupants to create comfortable conditions and discharge

the contaminants at the same time (Fig.2-10b). As the area of air conditioning becomes smaller,
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the energy efficiency can be further improved.
Compared with displacement system, the task and ambient system is a new field and it is
bei hg studied in laboratory, while the displacement system is easy to be redlized.

Return air
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\
O~ 0~

stratificaion level

____________________;_/_—_/"’—_'.z
s
\ —>

J
S ! -
W= ]

supply ar

supply air

(a) Displacement V entilation System (b) Task and ambient air conditioning Sysem

Fig. 2210. Sketch of displacement ventilation, task and ambient air conditioning

Thermal storage system

As for the heating/cooling system, it is very important to improve the performance of
machines and operation of machines. The thermal storage system can be regarded as a solution
to energy saving for the machines.

With the development of technology, the coefficient of performance (COP) of machines
a the load rate of 100% has been increased, such as room air conditioner, heat pumps, and
chillers. According to the data from the Energy Conservation Center (ECCJ, 2002), the COP of
room air conditioner is shown in Table 21, and the average value is in the range of 3 to 4.5.
Accounting for the real situations and part load rate, COP is a little smaller. Therefore, it is more
effective to improve the operation conditions. As for a heat pump with waste heat recovery, it
can generate 55-60°C warmer water even under the cooling conditions (ASHRAE, 1996), which
can meet the hot water demand thus to increase the whole COP.

In Chapter 1, the Eco-ice Therma Storage Unit developed by ten main eectricity
companies and other manufactures, makes thermal storage possible for small offices. But for the
domestic use, the dimensions of the equipment should be smaller. As the Eco-ice Therma
Storage Unit has not used the heat recovery, the efficiency of the whole system can be further
improved if the hot water is made by heat recovery. Furthermore, accounting for the
requirement from occupant health, the Eco-ice system has paid much attention on the outside air

conditioning and occupant health requirement.

-27-



Table2-1. COP of room air conditioner for houses in the summer of 2002

Output* : .
e Maximum Minimum Average
2.2 kw 6.01 2.76 4.46
2.5 kW 571 2.55 4.39
2.8 kW 5.95 2.67 452
3.2kw 3.35 2.76 3.07
3.6 kW 5,01 2.98 4.25
4.0 kW 471 254 391

Note: Output* refers to the output for cooling.

2.2.Design strategies of hybrid air conditioning

2.2.1. Doubleskin and residential house

As to the traditiona corridor space of Japanese Folk House shown in Fig.2-11, the
corridor is used as a buffer space between the indoor environment and the outside atmosphere.
During the summer, the exterior shading device can prevent from intensive solar radiation.
While it can introduce more sunlight into the house during the winter, and during the
intermediate seasons, natural ventilation can be introduced into the rooms. The function of these
corridorsis similar to the consideration of double skin system.

If the ventilation openings are designed on the floor and on the ceiling, the corridor will
turn to be a double skin space (Fig.2-12). The exterior glass/shadings absorbed solar radiation
can warm the air in the double skin, according to the stack effect or by wind, the air under the
floor will be introduced and the warm ar will be exhausted to the outsde. Of course,
corresponding modifications with architecture are necessary. Air under the floor will be
introduced and the warm air will be exhausted to the outside. Of course, corresponding
modifications with architecture are necessary.

The driven force of airflow in the double skin can be divided into two types, one is
caused by wind, and the other is caused by thermal forces (ASHRAE, 2001). The former can be
decided by Equation (2-1):

rhwind = Cv AU (2'1)
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where m,;,, is the airflow caused by wind (m%/s), C, is effectiveness of openings, A is free

area of inlet openings (n), U iswind speed (nV/s).
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(8) Outside view of a Japanese Folk House (b) Inside view of a Japanese Folk House

Fig. 2211. Example of Japanese Folk House
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(a) Exterior corridor in Japanese Folk House (b) Double skin space

Fig. 212. Development from exterior corridor to double skin space
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C, is assumed to be 0.5 to 0.6 for perpendicular winds and 0.25-0.35 for diagona winds.

Inletsin the direction of prevailing wind will be helpful for airflow, while the outlet should be

located in the exterior low-pressure regions, which depends on the dope of the roof (Fig.2-13).

If the roof dope is very smal, the pressure is negative over the whole surface. If it becomes

steeper, the pressure is weakly positive on the windward sope and negative within on the

leeward. Considering the variation of wind, the roof slope should be smaller than 20°

Wind

Roof slope=0°

Wind 20°

E> Roof slope=20°

Roof slope=10°

Wind 30°

[:> Roof slope=30°

Fig. 2-13. Surface pressure on the roof with different dope

The flow caused by thermal forces can be expressed by Equation (2-2):

rhthermal = CD A'\/ZgDH NPL (Ti - To) /Tl

(22)

where My, is arflow caused by therma forces (m’/s); Cp is discharge coefficient for

opening; DHyp. is the height from midpoint of lower opening to neutral pressure level (NPL); T,

is the average temperature in double skin (K); T, is outdoor temperature (K).
DHNPL is assumed to be the half of the height of the double skin. The discharge

coefficient of Cp isin the range of 0.4-0.65. When T,<T,, replace T; in the denominator with T,

and replace (Ti-T,) in the numerator with (T,-T;), which means the flow direction is changed



(ASHRAE, 2001).

It should be pointed out that the greatest flow rate per unit area of openings is obtained
when inlet and outlet areas are equal, which is the basic condition for Equation (2-1)-(2-2).
Otherwise, there should be some correction.

The exhaust heat Q. in the double skin can be expressed by Equation (2-3):

Qex = rri‘('\’p(-l-i - To) (2'3)

where C, is the specific heat (kJkg); m is the airflow rate by wind and thermal effect (m°l9);
r isair dengity (kg/n).

2.2.2. Plan of the hybrid air conditioning system

Accounting for the above analysis, the double skin system is easy to be adapted by the
Japanese Folk House. Considering the better air change effectiveness, displacement ventilation
can be introduced, and it can provide mechanical ventilation in the intermediate seasons.
Therma storage system is aso proposed, with the expectation for cost saving and globa
environmental protection.

The plan of hybrid air conditioning system proposed for an experimental house is shown
inFig.2-14.

Hybrid Air Conditioning system

Y y
Passive Air Conditioning Active Air conditioning
Y l Y
Double Skin Displacement Thermal
System Ventilation Storage

y
Experimental house

Fig. 2-14. Pan of hybrid air conditioning system for an experimental house

2.2.3. Outline of the experimental house
The experimental house is located in Kitakyushu Science and Research Park, Fukuoka,

and the exterior appearance is shown in Fig.2-15.
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Fig. 2-15. Exterior appearance of the experimental house

The two-story residential house with floor area of 174.6m” is designed for a two-person
family. The first floor is designed for future resdential houses, including a SOHO room, a
reception room and a machine room, and the second floor is conventiona living space,
including aliving room, a bedroom and a bathroom. The section and plan are shown in Fig.2-16
and Fig.2-17.
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Fig. 216. Section of experimental house
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It can be seen that the double skin space is 6m high and 1.2m wide, and located in the
south side of the house. The south fagade is made of glass, which aims for materia recycle and
good appearance. Four openings on the floor have atotal area of about 0.6n7, which is equal to
the area of the roof openings. Auxiliary fans are aso installed on the roof. In addition, the roof
dopeis 22°.

The details of the proposed double skin system will be introduced in Chapter 4.

2.2.4. Outlineof Air conditioning system

Displacement Ventilation system
The sketch of the proposed displacement ventilation air conditioning system is shown in
Fig.2-18.

. Auxiliary fan
Roof opening

Roof

eling 2F

I
_____ ﬁ . Interior wau\|:‘| | g _ ?A
I s M o1

. Exteri
/Blmd Living Room Bedroom L CV(:'Ior
OV, i\
SA SA M
Double E 3
Skin Floor 2F) <3 i— Interior Wall
A ~ / (North)
T ( " -
GI§ Caling (1F) $ Induced Air
é Returnl Air Exhaust Air
=
e < Fan
@D N SOHO Room Ean Uni
A Therma Storage
Floor opening . AHU
\\Q Floor (1F) Supply Air€—

Fig. 218. Sketch of the ventilation system

In summer, the conditioned air from air conditioning unit (AHU) is supplied to the fan
units in rooms. After mixing with the induced room air, it is supplied from the opening near
floor. The return air comes back from the outlets at 1.8m, and the exhaust outlet is on the ceiling.
And the outside air is set to meet the requirement of about 30m*/h for each person. The details
of the displacement are discussed in Chapters 5 and 6.



In the intermediate seasons, outside air bypasses the coils in AHU, and is supplied
directly into rooms, thus to realize mechanica ventilation.
In winter, when the thermal storage unit is charged with hot water, it can aso supply

warm air as an auxilary means for heating.

Energy system
Heat pump is the energy center in this system, which can produce ice for storage during
summer, and the waste heat can be charged in hot water tank at the same time (Fig.2-19). While

it can produce hot water for storage in the winter.

RA
L SA
Hot Water for Mixing Chamber
Daily use Thermal Storage Tank
I Induced Air
Heat Pump Humidifier Ean | (% EA
OA N §
> |2
\ Room RA
Refrigerant Refrigerant ' 6 Unit\ Occupied Zone
J }g b | Fan R—>  Floor Heating (Winter)
1 /

/
Hot Water Thermal Storage Air Handling Unit
Fig. 2-19. Sketch of the energy system in the experimental house

The therma storage tank is adso used as an air-handling unit, in which ice storage
happens during summer and hot water storage happens during winter.

Accounting for the residential conditions, direct heat exchange, which is detailed in
Chapter 7, happens between air (the mixing of fresh air and return air) and storage pipes insgde
the tank, then the conditioned air is supplied into rooms by a fan. As the temperature difference
between supply ar and room air is relatively high, induced air currents are crested through a
small fan inside the room unit.

Hot water is mainly stored in the water tank, which can not only meets the need for
kitchen, bathroom all the year, but also for the floor heating system.



2.3.Research method

The effectiveness of the proposed hybrid air conditioning system is predicted by
computationa fluid dynamics (CFD) smulation, and then the predictions will be checked
according to the field experiment in the experimental house.

The CFD smulation code used in this research is Airpak 2.0, which is developed by
Fluent Inc. and ICEM-CFD Engineering. The basic program structure of Airpak is shown in
Fig.2-20, and it uses a finite-volume solver to deals with problems for ventilation systems, such
as airflow, heat transfer, contaminant transport, and even the external building flows, and it is
helpful to evaluate the indoor air quality, thermal comfort, (Fluent Inc. 2001). There are four
steps to solve the problems, building models, generating meshes, calculating, and examining the

results.

Buil d modd —‘—ERooms, Blocks, Vents
Walls, Sources, Partitions

i

[}

! . .
Generate Mesh —.—[ Automatic mesh generaltion

: alows for meshing control

Physica model
Standard k-eequation
Cadculate solution .
Indoor zero-equation
Fluent )
RNG k-eequation

Contoursof velocity, gpeed, temperature,
thermal comfort parameters
nimati on and export ani mation for viewing
particle, dye traces, vectors and contours
history of solution variables, convergence history

Examine Results

__________________________

Fig. 220. Program structure of Airpak

2.3.1. Building models

Airpak provides predefined 2D object shapes, and complex 3D objects, such as rooms,
blocks, fans, person, openings, partitions, walls, sources, and so on. And the rectangular, circular,
inclined, or polygon 2D shapes can be created easily, as well as the prisms, cylinders, ellipsoids,
or eliptical and concentric cylinders 3D shapes. Therefore the furniture, electrical appliances,



walls and other elements in a room can be modeled using the predefined objects, and new
objects can a so be defined.

The interface of Airpak2.0 is shown in Fig.2-21. There are three primary components: the
main menu bar is on the top, the options menu is on the upper right, and the middle display
window is at the below. In the example model, there are a prism pillar block, a prism bookshelf
block, a person, severa openings (air inlet), vents (exhaust air outlet), heat source of computers

and lightsin aroom.
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Fig. 221. Interfaceof Airpak2.0

As to the boundary conditions of different objects, wall and surfaces can be specified with
heat flux, temperature, species, convective heat transfer coefficient, radiation, and symmetry
conditions are also available. Openings and vents can be specified with inlet/exit velocity, exit
static pressure, inlet total pressure, inlet temperature, and species. Fans can be specified with
mass flow rate, fan performance curve, and angular specification of velocity direction. And
recirculating boundary conditions for externa heat exchanger smulation or species filters,

time-dependent sources or ambient temperature are also available.

2.3.2. Generating meshes
Airpak automates the mesh generation procedure, but allows people to customize the
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meshing parameters, in order to refine the mesh and optimize trade-offs between computation
cost and solution accuracy. There are two types of meshes available in Airpak: hexahedral and
tetrahedral. The hexahedrad mesher (the default) is appropriate for most applications. The
tetrahedra mesher produces a better mesh than the hexahedral mesher for geometricaly
complicated models that include, such as, spherical or ellipsoidal objects.

Coarse mesh generation option can be used for preliminary analysis, and then they can be
refined globaly or locdly, finaly the mesh quality can be viewed and checked. For a
hexahedral element, the aspect ratio of an element is defined as the ratio of its shortest edge
length to its longest edge length. The best elements are those with an aspect ratio close to 1. An
aspect ratio less than 0.15 would indicate a distorted element. And the extremely small e ements
are recommended to be larger than the order of 10™

The meshes number effects on the computational time and capacity, usualy the computer
with random access memory (RAM) of 100MB can deal with 10,000 meshes.

2.3.3. Calculating process

Airpak uses FLUENT, Fluent Inc.’s finite-volume solver to deal with the Navier-Stokes
equations for turbulent flow problems by solving the transient transport equations of mass,
momentum, energy, turbulent kinetic energy and turbulent dissipation rate. There are three

choices for the basic model equations, as fellows:

Standard k-e equation
This model is recommended for the fully developed turbulence problems, and the detail
equations are shown in Chapter 5. It is a semi-empirical model, and the derivation of the model
equations relies on phenomenological considerations and empiricism
As the turbulent kinetic energy, and its rate of dissipation are obtained from the additional

differential equations, which will cost more time for calculation.

RNG k-e equation
This model is derived from the ingtantaneous Navier-Stokes equations, using a
mathematical technique called “renormdization group” (RNG) methods. The anaytica
derivation results in a model with constants different from those in the k-e equation, and
additional terms and functions in the transport equations for k and e.
The gandard k-e model is valid for a high-Reynolds-number turbulence, but the RNG
theory provides an analytically derived differential formula for effective viscosity that accounts

for low-Reynolds-number effects. Therefore, the RNG k-e modd is more accurate and reliable
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for awider class of flows than the standard k-e model, but it tends to take 10-15% more CPU

time.

Indoor HVAC zero-equation

As the above two models have to solve one or more additional differential equations,
which will lead to larger computing cost, and it limits their implication in the practica designing.
Indoor zero-equation modd is proposed by Chen (1998), by using the concept of eddy-viscosity,
turbulent viscosity is approximated by a length scale and mean velocity. The main difference
between zero-equation model and the k-e model is that the former does not solve the equations
for turbulent energy and dissipation rate. Therefore, the convergence speed of the zero-equation
modd is 10 times faster, and this nodel is ideally suited for predicting indoor ar flows that
consider natura convection, forced convection, mixed convection, and displacement ventilation.

After one choosing the physical model, according to the outline of the solution procedure

is shown in Fig.2-22, the calculation begins.

— Pressure, Momentum, Temperature

. .Chc_)ose — Turbulent kinetic energy, O
discretization scheme L— Turbulent dissipation rate

— Pressure, Momentum, Temperature
— Visosity, Body forces, O

— Turbulent kinetic energy

L— Turbulent dissipation rate

Number of iterations
Initi ali ze the solution —| o
Corvergence criteria of flow and energy

Set under-relax ati on factors [

| Define the monitoring parameters
for convergence

M onitor the Solution

Set the Solver Controls  — Set olution ID, submission time,

auto-save interval
Start cal culating

Fig. 2222. Solution procedure for Airpak

2.3.4. Examining results
Airpak provides a number of different methods for examining the results of simulation,

such as 3D modding, dynamic viewing features. The following visualizations are available:

Velocity vectors, contours, particle traces, grid, cut planes, and iso-surfaces, point
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probes and XY plotting for data reporting;

Contours of velocity components, speed, temperature, species mass fractions, relative
humidity, pressure, heat flux, heat transfer coefficient, flow rate, turbulence parameters,

vorticity, therma comfort parameters, and many more quantities,

Velocity vectors color-coded by temperature, velocity magnitude, pressure, or other
solved/derived quantities;

Animation for viewing particle and dye traces;
Animation of vectors and contours in transient analyses,
Export of animationsin AVI, MPEG, FLI, and animated GIF formats.

2.3.5. Modd used in thisresearch

Airpak has been used for prediction of air temperature, velocity distribution, and air
change efficiency to assess the effectiveness of the hybrid air conditioning system.

According to the above comparison of the different models, the RNG k-e model is used
for the smulation of airflow around the house, considering the ambient conditions and a large
simulation scale. The zero-equation model is used for the natura ventilation in the double skin,
considering the natural convection is predominated in this system. While the standard k-e moddl
is used for the displacement ventilation in the room and the heat transfer in the thermal storage
tank.

The simulation results are al'so compared with the field experimental results respectively.



CHAPTER 3
SIMULATION ON NATURAL ENERGY UTILIZATION INA
RESIDENTIAL HOUSEWITH DOUBLE SKIN SYSTEM

As double skin systems have often been used in office buildings, in this dapter, the
double skin system is proposed in a two-story house in Kitakyushu.

Firstly, the climate conditions in Kitakyushu have been anadyzed for study on the
possibility of natural energy utility. Secondly, the components of the proposed double skin
system are detailed, as well as the reference house, which has not double skin system. Then the
macro-smulation model for the two houses is made, according to the heat balance. Findly, the
stack effects in summer, and the green house effect in winter are studied to analyze the
characteristics of thermal transfer of the double skin systems. By comparing with the reference

case, the energy conservation and natural energy utilization have been evauated.

3.1.Climate conditions in Kitakyushu

According to AMeDAS climate datain the typica meteorological year from 1981 to 1995
of Kitakyushu (Akasaka, H. et a. 2000), the natural climate conditions are studied.

3.1.1. Outsideair temperature and humidity

The outside air temperature is in the range of 0-32°C in the whole year (Fig.3-1), and the
variation of the maximum and minimum temperature is approximately to be the function of time
t, which is the hour number, i.e. 1 isfor 1:00 on Jan. 1, and 8760 is for 24:00 on Dec. 31.

t, = 16gn(ﬂ_ @) (3-1)
8760 8760

And the ratio of time when the outside temperature is between 17-28°C accounts for
about 39% in the whole year, which shows the possibility of natural energy utility. Although in
the whole summer this ratio reaches 78%, it is possible for feel cooling with the outside air if
there is enough openings or windows.

While in winter as the outside temperature is quite cold, the infiltration and leakage of the
outside air should be prevented.
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Fig.3-1. Outside air temperature a Y ahata of Kitakyushuin TMY

3.1.2. Wind
The prevailing wind direction is about 22.5° west from the south in the summer (July and

August), while it is mainly south in the intermediate seasons (April and November).
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L N
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/ (/|
Jul // \ /
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Fig.3-2. Prevailing wind direction in summer and intermediate seasons

The wind speed is in the range of 09m/s with an average of 2m/s (Fig.3-3). And the
average wind speed is 2.1m/s in summer, 1.9m/s in the intermediate seasons, and 2.2m/s in

winter.
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Fig.3-3. Wind speed in the whole year

3.1.3. Solar radiation

The average solar radiation is about 280W/n¥ in the daytime al the year round, and the
average value in winter is the lowest of 200W/nT. The maximum value of radiation on the
horizontal surface is 750 W/nT in winter, and 900 W/nt* in summer. And the number of solar
radiation hour reaches 506 hours in summer, 975 hours in spring and autumn, and 306 hours in

winter.
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Fig.34. Average solar radiation and sunshine hours



3.2.0utline of the double skin system in residential house

The double skin system has been proposed in a residential house, not only to satisfy the
occupant needs for visual communication with the outside world, but alsoto redize the energy
conservation and thermal comfort. The model house for simulation has aflat roof surface, which
is alittle difference from the real model.

3.2.1. Proposed mode and reference model

A conventional south-facing two-story house, which is illustrated in Fig.3-5 (), is 10m
long from East to West, 4.5m wide from South to North. The 1F floor is 0.5m above the ground,
the ceiling height is 3m for each floor, and the total height is 6m, here the thickness of walls and
floors are neglected.

In Fig.3-5 (b), an additional glass wall is designed at the outside of the south wall, thus to
create an air space, which is called the double skin space.
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Fig.3-5. Sections of the house with and without double skin system

These two houses have the same orientation, and same material congtruction. The
azimuth of the exterior walls (east, south, west and north) is—90°, 0°, 90° and 180° respectively.

The convectional house without double skin system serves as a reference model, and the



proposed mode is a house with double skin system. The main components of the double skin
system are detailed in the following part.

3.2.2. Components of the double skin system
3.2.2.1. Exterior wall/windows

The sun radiation transmits through the exterior wall or windows, some will aso be
reflected to the outside ground and atmosphere. According the visual effect, it is required to be
clear and transparent.

In summer, the exterior wall/windows are required to be able to reflect more solar
radiation, and have less transmittance, but in winter they are required to have more
transmittance.

So far there is not such a materia to meet the two different requirements. Here the clear
flat glassis used in the proposed model.

The exterior windows absorb some of the solar radiation and reflect some to the ground
and sky, at the same time exchange heat with the outside air and surroundings.

In addition, the exterior windows can be opened, thus to make good ventilation and even
cool down the house, according to the occupants operation, especialy in the intermediate

Seasons.
3.2.2.2. Sunshades

As the clear flat glass is used for the exterior wall, it probably leads to too much direct
radiation into the room, when the sunlight or skylight is too bright or glaring, especialy in the
summer. Here the dat-type sunshades, integrated in the double skin space, are adopted to
intercept the direct solar radiation. Although its shading effect is smaller than that of the exterior
shading devices, it can be protected from effect of weather and air pollution.

During the summer, the heat absorbed by the interior shades causes the air temperature on
both sides to rise, and they can aso emit the long-wave radiant flux to the other surfaces, and
they act as the energy sourcein the double skin system.

During the winter, the sunshades will be drawn up to let enough solar radiation transmit

into the room for heating.
3.2.2.3. Middleair

The middle air refers to those between the exterior glass wall and the interior shading,



which exchange heat with the exterior wall and the shades by the means of convection.
3.2.2.4. Double skin space

The proposed double skin space is 1.2m wide, which is separated into two parts by the
sted grill at the height of 3m. This space can be used in various ways, such as for planting,
drying washings, which serves as a semi-outdoor space. It should be noted that the width of the
double skin space should not be larger, or the air velocity will be too small to exhaust heat
effectively. According to the existing double skin system in office buildings, the width of such
spacesis smaller than 1.5m.

In the summer, the air in this space exchange heat with the interior shades and the interior
walls. Asthe temperature in the higher places is higher, the stack effect will occur in the double
skin space, thus the hot air can rise to the top by the buoyancy force. Furthermore, if some
plants are placed on the grill, evaporate effect would be expected to take away an extra part of
solar radiation.

In the winter, the air an aso be heated by the solar radiation, which acts as a buffer
between the outdoor environment and the indoor environment. Lower air speed and a higher
temperature in this space will lead to the decrease of heat losses. And the heated air even can be
transported to the other room as per-hested fresh air, if the air inlets are opened.

All the year round, occupants may have access to this semi-outdoor environment easily.
3.2.2.5. Ventilation devices

The ventilation devices include air inlets and outlets on the floor and ceiling of the double
skin space. In the proposed modd, there are two openings on the floor each with an area of
0.3m’, while there is an opening on the ceiling with an area of 0.6,

During the summer, the inlets and outlets are often opened, when the insde air is higher
than the outside air, the air in the double skin will rise with the buoyancy, then it will be
expelled to the atmosphere, as well as the heat got from the datted shadings.

While in the winter, the openings will be closed to store heat.

As an additiona means to help the air movement in the double skin space, low power

axiakflow fan can be used when the stack effect is not enough to drive the flow.
3.2.2.6. Interior walls'windows

The interior walls or windows may accept the heat from the exterior walls or the shadings,

they aso exchange heat with the air in the double skin and the indoor air. Together with the
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operable exterior windows, the interior windows can make good ventilation by the natura
forces or mechanical forces, especially in the intermediate seasons or at nights.
These days the ratio of interior window has increased for the need of more natural

daylight, and the exterior and interior appearance.
3.2.2.7. Other items

Pebbles paved on the floor of the double skin, not only can enhance the interior
appearance, but also can help for thermal storage especiadly during winter. And the sted grills
for access in the second floor of the double skin can also absorb solar radiation, which can be

regarded as a heating source for air, especialy when there are no sun shadings.

3.2.3. Property of Materials

All the thermal properties of materials, structure of exterior envelopes and interior walls
are described in Table 3-1. The absorptance for solar radiation for glassis 0.9, 0.4 for the pebble
floor (light color), and 0.75 for the sted grills in the second floor (ASHRAE, 2001). As for the
walls the absorptance is approximate to be 0.026a ,, where a, is the coefficient of heat transfer
at the outside of wall (ASHRAE, 2001).

As to the multi-layer structure of fenestration device shown in Fig.3-6, reflection,
absorption and transmission occur between different layers, and the total reflectance,
absorptance, and transmittance for the conventional window with shading and the double skin
system are calculated by Equations (3-2)-(3-11) (Kimura, K. 1997).

Reflectance P 1 p2 Reflectance  p 1 p2 p3
Absorptance O [ a2 Absorptance a [ a2 a3 M
Transmittance T T2 Transmittance ¢ T2 13
i i ~
1 1
¥ i \ ! \
i \
N N [}
v
\ -
— Transnmitted
Reflected T T
= === Absorpbed . )
Exterior glass Shading Exterior glass Shading |nterior glass
(a) Conventional window with shading (b) Double skin with interior shading

Fig.3-6. lllustration of multi-layer structure of fenestration
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Table 3-1.

Thermal properties of surface materials

Composition | Material d I r " Ce R 5 .
mm | WmK | Kg/m® | Jkg.K | m.K/W | W/nf.K
Exterior glass | Glass 8 0.780 | 2500 840 97.5
Interior glass | Glass 6 0.780 | 2500 840 130
Roof Glass 8 0.780 | 2500 840
Insulation 140 [ 0050 | 20 1470
Aluminum board 15 | 200 2702 0.903
Airspace 20 |0 0 0 0.17
Recycledpet board | 20 | 0.033 | 41 1720
0.282
Exterior wall Glass 8 0.780 | 2500 840
Airspace 10 0 0 0.17
Insulation 0 (0050 |20 1470
Recycled pet board | 20 | 0.033 | 41 1720
0.388
Interior wall Insulation 70 10050 |20 1470
Recycled pet board | 10 | 0.033 | 41 1720
0.587
Floor (1F)
Insulation 125 {0050 |20 1470
Airspace 50 0 0 0.17
Recycled pet board | 12 | 0.033 | 41 1720
0.331
Floor (2F) Insulation 80 |0050 |20 1470
Airspace 50 0 0 0.17
Recycled pet board | 12 | 0.033 | 41 1720
0.470

Note: d refers to thickness; |, Conductivity; r, Density; G, Specific heat; R, Resistance; U,

Overdl heat transfer coefficient. Considering the thickness and overal heat transfer coefficient
of the glass, the temperature difference between the interior side and exterior side is neglected
during simulation.



The tota transmittance of the conventional window with interior shading t ;,is calculated
by the following equation:
t 1t 2

t, =" 32
T, (32

where t; is transmittance of exterior glass, t,is transmittance of shading; r ; is reflectance of
exterior glass; r , is reflectance of shading.

The total absorption of exterior glass a1, and interior shading a;, are caculated by

t.r
a.=a. (l+—1+2 33
= ) &
t.a
algzll—z (3'4)
-,

wherea; is absorptance of exterior glass; a, is absorptance of exterior glass.
The total transmittance of double skin system t 1,3 is calculated by

— tts
= 1-r21r3

(39

where t 5 is transmittance of interior glass, r 3 is reflectance of interior glass, r »; is sub-tota

reflection on the shading surface, i.e.

(36)

The total absorption of exterior glass a1z, interior shading a .3, and interior glass a;,; are
calculated by

t,r
Ay = a1+ —2-) (37)
: ' 1- Fal o
[P
An = 38
123 77 r s (39
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Ayp3 =1 tipg - Mipg - Ay - Ay (39

wherer ,; is the sub-tota reflectance of shading and interior glass, r 13 is the total reflectance,

which are expressed by
t2r
[ =r. +_—23 310
23 2 1_r2r3 ( )
Fpg=r,* Lol (311
1-r,r,

Therefore the optical properties of the fenestration are shown in Table 3-2. The absorption
of the convertiona shading is 0.32, while it is 0.3 for the interior shading in the double skin
system. And the transmittance of the convectional type is 0.04, while it is 0.03 for the double
skin type.

Table 3-2. Optica properties of glass, indoor shading and wall

Performance | Reflectance | Absorptance |Transmittance | Emissivity ratio

Material r a t e
Exterior glass 1 0.1 0.15 0.75 0.9
Slat type shading 2* 0.55 04 0.05 0.9
Exterior glass 3 0.1 0.15 0.75 0.9
Conventional fenestration
Exterior glass 0.22 0.9
Slat type shading 0.32 0.9
Tota 0.43 0.04
Double skin fenestration
Exterior glass 0.216 0.9
Slat type shading 0.303 0.9
Interior glass 0.017 0.9
Total 0434 0.03
wal — 0.44 — 0.9

Note: * ASHRAE Fundamentals 1997, Chapter 29, Table28, other data of exterior/interior glass
are from catalog of Nippon Glass Co.

3.2.4. Setting of cases

In the following part, cases will be studied according to the different window ratio and
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materials. Accounting for the initial cost of Low-E glass, only the flat glass is used here.
According to the model type with/without double skin system and interior ratio of windows, the
following cases are set as shown in Table 33, while the ratio of north-facing windows is

supposed as 20% in each case. Other conditions, such as the exterior envelopes are the same.

Table 3-3. Cases description for double skin system

Case No. Double skin Interior window ratio
Summer
31 Y est+sun shading 100%
32 No 100%+sunshading
Winter
33 Y est no shading 100%
34 No 100%+no shading

3.3.Description of the simulation model

Simulation is conducted on two models to understand the effect of double skin space on
indoor environment. Surface temperatures of double skin and average air temperature can be
calculated through solving heat baance equations, which is caled macro-mode here, and the
detail distribution of air flow and temperature in the double skin can be predicted by the CFD

smulation, which is called micro-moddl.

3.3.1. Macro mode
For different surfaces, the heat balance mode has different expressions. According to the
Handbook of ASHRAE (2001), they can be expressed as follows:

3.3.1.1. Heat balance

Exterior surface heat balance

The heat balance on the exterior surface can be expressed by Equation (3-12)

Uasol ¥ Aiwr ¥ Qeonv = Go = 0 (3'12)
where (. is the absorbed direct and diffuse solar radiation (W); and q.ws is the net long-wave

radiation exchange with air and surrounds (W); Qeony IS the convective heat exchange with the

outside air (W); Q, is the conductive heat to from the outside to the inside (W).
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The heat absorbed by the surface is taken to be positive, while the heat released is
negetive.

Interior surface heat balance

The heat balance on the interior surface can be expressed by Equation (3-13)

qLWX + qsw + qLWS + qki + qsol + qconv = O (3'13)

where q.wyx is the net long-wave radiant between interior surfaces (W); and ¢, is the net
short-wave radiation from lights; g.ws is the long-wave radiation from equipment in zone (W);
0w IS the conductive heat through the wall (W); g iS the transmitted solar radiation at the

interior surface; qeony IS the convective heat to inside air (W).

Wall conduction Process
Wall conduction process is formulated using the conduction transfer functions (CTFs), in
which the conductive heat fluxes are caculated according to the current and past surface
temperatures and the past fluxes, and the heat fluxes on the exterior and interior surfaces at time
g (qw and gy ) in Equations (3-12) and (3-13) can be expressed

nz nz nq
Oo@) =- YTy, - é. YiTag ia ¥ XoTsag +é. XiTeog-ja t é. FiOog-ja (314
j=1 j=1 j=1
While the g,; in Equation (3-13) at time q can be expressed as
nz nz ng
qki (q) =- ZOTsi,q - é Zsti,q—jd +YOTso,q +é. Ysto,q—jd +é F jqki q-jd (3'15)
j=1 j=1 j=1

where X; is outside CTF; Y] is cross CTF; Z isindde CTF; f isflux CTF; q istime; d istime;

step; Ty isthe interior surface temperature; Ty, iS the exterior surface temperature.

Air heat balance
As the heat balance for the indoor air can be expressed as

qconv + qCE + qIV + qac = O (3'16)

where geony IS the convective heat transfer from surfaces (W); gce is the convective parts of the

internal loads (W); qv is the sensible load due to infiltration and ventilation (W); and g, isthe

-B2-



heat transfer to/from the air conditioning system (W).
3.3.1.2. Heat balance in the double skin in summer

Fig.3-7 illustrates the heat transfer process in the proposed double skin house. For each
surface, the equation of heat balance can be got.

: - i Roof
tfi | A Interior wall |
|
Solar ~ : O I=—7 - oy
. . t m_ II | 7
Radiation o=y \ﬁu» v/
7 //_’_,'/:v‘_:” ; i’ t IIII -
/K"/ t ds.of \\H*’ rm,2f ] [ | Exterior
1 SIS - — wall
/ % t \I . g ,f
to tgl t'm b \ ds, 1f 7. / ;
\ / gZ \ i
|

tflo | m | \\Floor

Note:

--------= Conduction 1.Exterior glass 5.DS space 2 9.DS roof
——= Convedttion 2.Middle ar 6.Interior glassl  10.DS eag wall
== > Redidion 3.Shading 7.Interior glass2  11.DS west wall

Naturd Ventilation 4.DSspacel  8DSfloor

Fig.3-7. Heat transfer model for the house with double skin system

The air in the double skin space is divided into two parts (DS1f and DS2f); while the air
between the shading and the exterior glass is taken as one block.

The glass and datted shadings are assumed to have no effective therma mass; hence the
CTF is zero order, i.e. no flux history term. Furthermore, Because of the small thickness, the
temperature difference between outside and inside is neglected here. The equations of the

double skin/room can be expressed as follows:

Exterior glasswall (t1)



Segesd A\gngLsd (Ts.d4 - Tgl4) +ac,mAgl(tm - tgl) - aop\gl(tgl - to) + ag l southAgl =0
(317)
where s is the Boltzmann congtant, i.e. 5.67 10° (W/nt.k"); and e, ey is hemispherical
emittance of glass and dat-type shading; aq is absorptance of glass, lgun IS Solar radiation in

south direction;a., is convective heat coefficient in the middle space; a, is convective heat
coefficient at outside; A is area.

Middle air (between glass and shading) (t.,)
ac,mA\gl(tsd - tm) - ac,mAgl(tm - tgl) =0 (3'18)

Slat-type sunshades (tsq)

iac;-seiesdp\ I:i,sd i,40 - Ts?j) +ac,mAsd(tm - tsd) + (3_19)

acAullteg tlao)/2- tsd]+asd|solAgl =0

where i is number of surfaces which exchange radiation with the sunshades, ag is absorption for
sunshades.

Air in the double skin
Asthereis no heat of equipment in the double skin,

Qo
Qo

e AL - tgsi) +MC, (6 - te) =0 (3-20)

1l
ik
=~

Il

1

where M isthe airflow rate by natural ventilation, which can be expressed by Equation (3-21)

if the flow from wind is neglected,, and j refers to the surface which has conductive heat with
the double skin air.

m=C, Ay \/ZgDHNPL(-Ti_ To)/-ITi (3-21)

where G, is discharge coefficient for opening; T, is the average temperature in the double skin,

DHyp. is height from midpoint of lower opening to neutral pressure level (NPL), As is the
effective area of opening, and it can be assumed by



DH,,, =0.5h 32

where h is the height of double skin. And if the flow is caused by wind forces:.

r‘.nw = C:v Aefo (3'23)

where C, is effectiveness of opening, and U iswind speed.

Outside surface of exterior wall (t,)
ac,OA\N(tO - tw) + awl southA/v - qwo = O (3'24)
where g, is caculated by the CTF method.

Inside surface of exterior wall (t,;)

ac,OAw(tsite - tWI) + awI southAN + qwi + é. Sewew,kak,wANk O-Mjil( - Tv:) =0 (3'25)

k=1

where dte refers to room or double skin, g, is caculated by the CTF method according to
Equation (3-15).

Interior window g’ in the double skin

n

é. Seg@idsph¢|:ids,g¢(-rvw,j4 - Tg¢4) +ac,dsAg¢(tds - tgm)
=1 (3-26)

g
+a 56,8 AFimalTuix = Toe) + gl ounye =0
k=1

where] refers to the number of surfacesin the double skin space; while k refers to the number of
surfaces in the room.

Interior wall w' in the double skin (t, o)

Yy
a. se.g dsA\N‘tFids,th(Ti ds4 - Tw®4) +aC,dSAN¢(tdS - twtb) + aw¢| southAMt - OQwo = 0

_ (3-27)



where t,;, refers to outside temperature of W'; gy, IS calculated by the CTF method according to
Equation (3-14).

Interior wall w' in the room side (t,;)

é. S€,6 rmAN¢FiI'm,W¢(-I-i rm4 - TW&IA) +a c,rmANtB(trm - twtt) + aw¢| southAth - qwm =0

i=1

(3-28)

wheret,;; refers to outside temperature of W'; q.; is caculated by the CTF method according to
Equation (3-15).
3.3.1.3. Heat balance in the double skin in winter

The heat transfer model for winter is ssimilar to that in the summer, while there is no

equation for sunshades.
3.3.1.4. Heat balance in conventional house

As for the conventional house, the calculation of the exterior surfaces, such as roof and
floor, is aso solved by the CTF method. For the south wall with windows the heat transfer
process is detailed in Fig.3-8, and all equations are similar to those in the double skin, except for
the heat balance on the shadings.

Slat-type sunshades
Seglesd AglFsd,gl(Tg‘ll - Ts?;i) +ac,mA§d (tm - tsd) +ac,rmAsd (trm - tsd)'A%d

q
+é.seiesdAj Fj,sd(sz,lo - Ts‘clj)-l_asdlsoIAgl =0

1=1

(3-29)

where | refers to the insde surfaces, and the total number is g. The sunshades exchange heat
directly with the interior surfaces in the room.

The shadings exchange heat radiation with the interior surfaces directly, which is the
difference from that in the proposed model.

3.3.1.5. Solution procedurefor heat balance equations

The heat balance equations for different surfaces can be solved by iterative calculation,
which consigts of initia calculations for the outside climate conditions, followed by a double

iteration loop, as shown in the following steps:
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Fig.3-8. Heat transfer process for the windows in the conventional model

Given initia conditions: site, surface areas, thermal properties (such as coefficient of
CTFs, absorptance of solar radiation, convection), face temperature

Calculate Solar radiation: included the incident and transmitted solar flux for dll
surfaces in 24 hours, and distributed transmitted solar energy to all the interior
surfaces

Cdculate Long wave radiation and between the interior surfaces and short wave
radiation from equipment and human, and a smplified approximation of long wave

radiation is expressed by Equation (3-30)

see A F;, (TJ.“ -TY) » X.aS€€AF (T, - T) (3-30)

where X IS a constant, X,s=1.1 is used in this study. And the short wave radiation
from equipment is calculated according to the radiant-convective split percentage for

equipment and human.

Cdculate natura ventilation volume and the infiltration, here the infiltration is

described by air change rate, which is equa to the fresh air requirement according to
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the number of occupant, and air change rate 1 per hour (135n7/h) is used in this study,
which can meet the fresh air demand for four people in the room. The natura
ventilation in double skin is calculated by Equation (3-21).

Calculate the surface temperature Tso;; and Ts;; according to

_F g ¥
qu,j - (a Yi,kTsii,i_k -a Xstq‘,-_k -a Fi,ququ_k
k=1 k=1

k=1 (3-31)
+qasoli,j +qLWRi,j +Yi,OTsiiyj +T0jacoivj)/(xi,0 +acoivj)
T —(gYT -gz T. +gF q
Sii j o i,k 'S0 i bt i,k Sk ol (B (T (3_32)
+qso| + qLWX + qSN +Yi,0qu,j +Tajacoi‘j)/(zi,0 +adi,j)
Calculate the system cooling load according to
g
qac,j = a Aiaci (Tsii‘j - Tal )+qCE +qIV (3'33)
i=1

Asfor the calculation of natural indoor temperature, the cooling load q,; is zero.

Iterate Equations (3-31) to (3-33) until it is converged, thus to get the system cooling
load or the natural temperature.

As for the heating load, according to the conventional heating load calculation method of
ASHARE (2001), the credit for solar heat gains or for internal heat gains is not included in the
heating load. Consdering the solar passive effect of double skin system, the heat gain in the
double skin should not be neglected, i.e. the heat gains from pebble floor and 2F sted grills is
used in ssimulation, while the transmitted solar radiation and heat gains from equipment and

lights in rooms is not include.
3
qheat,j = a Aaci (Taj - Tsi o ) + qIV (3'34)
i=1

Iterate Equations (3-31), (3-32) and (3-34) until it is converged, thus to get the system
hesting load or the natural temperature when heat load is zero. The maximum room temperature
in the winter will be got when the solar radiation is quite intensive, while the energy

conservation is analyzed according to the average solar intensity and outdoor temperature in
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January, asa“worse case’ standing for the common situations.

3.3.2. Air flow around buildings
The airflow around buildings can be predicted by the RNG k-e Model, which is similar to
the standard k-e Model. It is more responsive to the dfects of rapid dran and streamline

curvature than the standard k-e model. And the transport Equations for the RNGk-e Model are:

The mass conservation equation

Tu,
I — 3_

™ (3-35)

where  ; isthe velocity component in the x; direction.

Momentum eguations
ﬂ(rui)+ﬂ(r uiuj) Tp + 1 Ty, +ﬂvi +

=- — brg (T,-T 3-36
TR VA A UL R ALIC U (339

where p is the static pressure, r is the ar densty, g; is the gravitational body force in the i
direction; b isthe therma expansion coefficient of air, T, is the temperature at a reference point,
and T is the air temperature; my; is the effective viscodity; u . is the turbulent viscosity; u is

the laminar viscosity; C., isaconstant, i.e. 0.09, k and e is given below and

My =M+ m (3-37)
kZ

m=r Cu — (3'38)
e

Energy conservation equation

Al
7,

T m . q
T = (K+ k) 3-39

p

%(rm

where q is heat source; and k is the molecular conductivity, and k; is the conductivity due to
turbulent transport (k, =C,m /Pr, ), Prt isthe turbulent Prandtl number.
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Dk 1 Tk i

r - __ﬂxi (a,my _ﬂxi)+Gk+Gb re (3-40)
De e e . e?

r Dt :ﬂixi(aerneff :TT_XI) +Cy E(Gk +CseGp) - Coe T s (341)

where Gy represents the generation of turbulent kinetic energy due to the mean velocity

gradients; G, is the generation of turbulent kinetic energy due to buoyancy; a, and a. are the
inverse efective Prandtl numbers for k and e, respectively, and C;e is given by

C.rh3@-h
iy =G+ D L)
1+bh?

(342

3.3.3. Initial conditionsfor simulation

The initia conditions for smulation are listed as follows:
3.3.3.1. Heat transfer coefficientsand air conditioning temperature

The convection heat transfer coefficients for surfaces in summer and winter are shown in
Table 3-4.

Table 3-4. Convection heat transfer coefficients for ssimulation

Location Convection heat transfer | Location Overal Convection heat
coefficient (W/nt) transfer coefficient (W/nv)

Middle air a.=4 (W) Roof a,=23 (S) /a,=35 (W)

Doul?leskin a.=8 () /a:=5 (W) Verti.cd 2,217 () 2,=23 (W)

Interior surface a=5 (W) exterior wall

Air conditioning Ta=26°C () Discharge coe. Co=065

Temperature Ta=22°C (W) for opening Cp

Note: Srefersto summer; W refers to winter.
3.3.3.2. Weather data

The selected weather data comes from AMeDAS climate data of Yahata in the Typica
Meteorological Year, the conditions on Aug. 8 are chosen to study the highest natura
temperature and cooling load of summer, while conditions on Feb. 6 are chosen for the highest
natural temperature of winter, and the lowest average conditions in January are used for heating
load analysis. According to the heat balance at the outside surface, the sol-air temperature t. can

be expressed by Equation (3-43).




aE, eDR

t. =t +
° a a

e

(3-439)

0 0

where a is the absorption of solar radiation; E; is the total solar radiation incident on surface,
W/nf.K: a, is coefficient of heat transfer by long-wave radiation and convection at outer
surfaces, which is shown in Table 3-4, W/nt K; t, is outdoor air temperature; e is hemispherical
emittance of surface; DR is difference between long-wave radiation incident on surface from sky
and surroundings and radiation emitted by blackbody at outdoor air temperature, W/nt.

For the horizontal surfaces the appropriate value of DR is 63 W/nt, while for the vertical
surfaces, it can be assumed to be zero (ASHRAE, 2001).

Thus the heat transfer at an exterior surface can be expressed as.
o :aoA(te - ts) (3'44)

According to AMeDAS climate data of Yahata in the Typical Meteorological Y ear, the
conditions of Aug. 8 and Feb. 6 are chosen to represent the outside climates for summer and

winter, which are shown in Tables 3-5 and 3-6.

Table35.  Outside climates of summer for natural temperature and cooling load calculation

Outside Total solar radiation (W/nr) Solar temperature (°C)
Hour Temp(°C) East South West North Horiz.| East South West North Horiz.
8/8 Winter (Light-Colored Surface, absorptance outside convection coefficient=0.026)
1 46 | 00 0.0 0.0 0.0 0.0 46 46 46 4.6 0.6
2 4.4 0.0 0.0 0.0 0.0 0.0 4.4 44 44 44 0.4
3 35 0.0 0.0 0.0 0.0 0.0 35 35 35 35 05
4 32 0.0 0.0 0.0 0.0 0.0 32 32 32 32 08
5 32 0.0 0.0 0.0 0.0 0.0 32 32 32 32 08
6 21 0.0 0.0 0.0 0.0 0.0 21 21 21 21 -19
7 2 2.8 2.8 28 2.8 2.8 21 21 21 21 -19
8 26 50.0 38.9 306 306 556 39 36 34 34 0.0
9 39 344.4 266.7 66.7 667 2194 | 129 108 56 5.6 5.6
10 7.4 350.0 375.0 97.2 972 36Ll1| 165 172 99 99 128
11 115 380.6 641.7 97.2 972 5389 | 214 282 140 140 215
12 113 200.0 672.2 100.0 1000 6028 | 165 288 139 139 230
13 129 94.4 752.8 200.0 944 6389 | 154 325 181 154 255
14 136 91.7 627.8 3611 917 5444 | 160 299 230 160 238
15 12.3 722 544.4 494.4 722 4361 | 142 265 252 142 196
16 12 69.4 3333 4333 694 2722 | 138 207 233 138 151
17 105 30.6 47.2 63.9 306 583 113 117 122 113 8.0
18 9.8 2.8 2.8 2.8 2.8 238 2.9 99 99 9.9 5.9
19 95 0.0 0.0 0.0 0.0 0.0 95 95 95 9.5 55
20 9 0.0 0.0 0.0 0.0 0.0 9.0 90 90 9.0 5.0
21 8.8 0.0 0.0 0.0 0.0 0.0 8.8 88 88 88 48
2 8.1 0.0 0.0 0.0 0.0 0.0 8.1 81 81 8.1 4.1
23 8.2 0.0 0.0 0.0 0.0 0.0 8.2 82 82 8.2 42
24 7.8 0.0 0.0 0.0 0.0 0.0 7.8 78 718 7.8 338
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Table 3-6. Outside climates of winter for natural temperature and heating load calculation
Outsde Total solar radiation (W/nr) Solar temperature (°C)

Hour Temp(°C) East South West North Horiz. | East South West North Horiz.

2/6 Winter (Light-Colored Surface, absorptance/outside convection coefficient=0.026)
1 46 0.0 0.0 0.0 0.0 0.0 46 46 46 46 06
2 4.4 0.0 0.0 0.0 0.0 0.0 44 44 A4 44 04
3 35 0.0 0.0 0.0 0.0 0.0 35 35 35 35 -05
4 32 0.0 0.0 0.0 0.0 0.0 32 32 32 32 -08
5 32 0.0 0.0 0.0 0.0 0.0 32 32 32 32 -08
6 21 0.0 0.0 0.0 0.0 0.0 21 21 21 21 -19
7 2 2.8 2.8 2.8 2.8 2.8 21 21 21 21 -19
8 26 50.0 389 30.6 306 55.6 39 36 34 34 00
9 39 344.4 266.7 66.7 66.7 2194 | 129 108 56 56 56
10 7.4 350.0 375.0 97.2 97.2 3611|165 172 99 99 128
11 115 380.6 641.7 97.2 97.2 538.9 | 214 282 140 140 215
12 113 200.0 672.2 1000  100.0 602.8 | 165 288 139 139 230
13 129 94.4 752.8 2000 944 6389 | 154 325 181 154 255
14 136 91.7 627.8 3611 917 5444 | 160 299 230 160 238
15 12.3 722 544.4 4944 722 4361 | 142 265 252 142 196
16 12 69.4 3333 4333 694 2722 | 138 207 233 138 151
17 105 306 47.2 63.9 306 583 | 113 117 122 113 80
18 9.8 2.8 2.8 2.8 28 2.8 9.9 99 99 99 59
19 95 0.0 0.0 0.0 0.0 0.0 95 95 95 95 55
20 9 0.0 0.0 0.0 0.0 0.0 9.0 90 90 90 50
21 8.8 0.0 0.0 0.0 0.0 0.0 8.8 88 88 88 48
22 8.1 0.0 0.0 0.0 0.0 0.0 8.1 81 81 81 41
23 8.2 0.0 0.0 0.0 0.0 0.0 8.2 82 82 82 42
24 7.8 0.0 0.0 0.0 0.0 0.0 7.8 78 718 78 38

Jan. Winter (Light-Colored Surface, absorptance/outside convection coefficient =0.026)
1 5.0 0.0 0.0 0.0 0.0 0.0 5.0 50 50 50 10
2 438 0.0 0.0 0.0 0.0 0.0 438 48 48 48 08
3 47 0.0 0.0 0.0 0.0 0.0 47 47 A7 47 07
4 46 0.0 0.0 0.0 0.0 0.0 46 46 46 46 06
5 46 0.0 0.0 0.0 0.0 0.0 46 46 46 46 06
6 45 0.0 0.0 0.0 0.0 0.0 45 45 45 45 05
7 45 0.0 0.0 0.0 0.0 0.0 45 45 45 45 05
8 47 52.8 38.9 0.0 16.7 333 6.1 57 47 51 16
9 5.9 141.7 122.2 16.7 444 113.9 9.6 91 63 71 49
10 7.0 169.4 194.4 44.4 722 1972 | 114 121 82 89 81
11 8.1 166.7 261.1 72.2 88.9 266.7 | 124 149 100 104 110
12 8.4 1222 286.1 88.9 97.2 2044 | 116 158 107 109 121
13 8.9 97.2 294.4 97.2 97.2 2972 | 114 166 114 114 126
14 8.8 94.4 250.0 972 1306 2639 | 113 153 113 122 117
15 8.6 75.0 222.2 944 1694 2139 | 106 144 111 130 102
16 8.3 4.4 136.1 750 1972 1194 95 118 103 134 74
17 7.8 139 4.7 444 1611 30.6 8.2 89 90 120 46
18 7.1 0.0 0.0 139 63.9 0.0 7.1 71 75 88 31
19 6.7 0.0 0.0 0.0 0.0 0.0 6.7 67 67 67 27
20 6.3 0.0 0.0 0.0 0.0 0.0 6.3 63 63 63 23
21 6.0 0.0 0.0 0.0 0.0 0.0 6.0 60 6.0 60 20
22 5.6 0.0 0.0 0.0 0.0 0.0 5.6 56 56 56 16
23 5.3 0.0 0.0 0.0 0.0 0.0 5.3 53 53 53 13
24 5.1 0.0 0.0 0.0 0.0 0.0 5.1 51 51 51 11
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3.3.3.3. Coefficientsof CTFs

According to the therma properties shown in Table 31, the coefficients of conduction
transfer functions for each surface are caculated by Energy Plus of Department of Energy,
United Sate (Crawley, D. B. et d. 2001). The results are shown in Table 3-7.

Table 3-7. Coefficients of conduction transfer functions

Time Outside (X) Cross(Y) Inside (2) Flux (CR)
Exterior wall
0 19.89565 1.72E-02 1.735964
1 -27.721 0.148999 -1.86081 0.427827
2 8.304418 6.55E-02 0.365903 -1.34E-02
3 -0.24564 1.84E-03 -7.44E-03 1.33E-05
4 2.34E-04 1.86E-06 5.16E-06 -2.07E-10
5 -3.00E-09 4.52E-11 -5.81E-11 3.41E-16
Roof
0 21.61927 3.22E-04 1.753675
1 -42.2503 1.56E-02 -2.95473 1.033183
2 25.97598 3.72E-02 1.536273 -0.28607
3 -5.64666 1.25E-02 -0.28382 2.09E-02
4 0.371491 6.37E-04 1.49E-02 -2.05E-04
5 -3.59E-03 4.05E-06 -1.13E-04 1.72E-07
Floor (Exterior)
0 11.74199 9.96E-05 1.62649
1 -25.1206 6.53E-03 -3.14698 1.301037
2 17.42502 1.76E-02 1.894725 -0.42227
3 -4.19611 6.18E-03 -0.35571 2.04E-02
4 0.180967 2.97E-04 1.23E-02 -1.12E-04
5 -4.85E-04 1.61E-06 -6.18E-05 1.51E-07
Exterior glass
0 97.5 97.5 97.5
Floor (Interior)
0 11.40141 2.35E-02 11.18631
1 -13.468 0.231523 -13.2452 0.253548
2 245911 0.10743 2.456562 -4.44E-03
3 -2.68E-02 3.78E-03 -3.14E-02 1.54E-05
4 5.53E-05 9.41E-06 4.77E-05 -6.75E-09
Interior glass
0 130 130 130
Interior wall
0 1.611857 0.207053 1.611857
1 -1.13941 0.312663 -1.13941 0.1157
2 5.93E-02 1.20E-02 5.93E-02 -2.84E-05
3 -1.02E-05 1.37E-06 -1.02E-05 7.77E-13




3.3.4. Micromode

According to the caculated results by the macro model, the surface temperatures are
taken as the boundary conditions for further study. Here the zero-equation model, recommended
by Chen (1998), is used to predict the detailed situations in the double skin space.

The mass conservation equation and momentum equations are the same with Equations
(3-18)-(3-19), whilep +, the turbulent viscodity, is smplified as a function of local mean velocity
V and alength scale |, as listed in Equation (3-45)

m = 0.03874r VI (3-45)

And the energy equation is expressed by Equation (3-46)

WT+WWT:

RN my,a
Tt ™ ™ (G e ™ )+

S (3-46)

And the effective diffusive coefficient for temperature G ¢ is expressed by Equation (3-47)

G = (3-47)

where the effective Prandtl number, Pr; is 0.09.
Since the zero-equation model does not solve transport equations for turbulence energy
and dissipation rate, he computation speed can be faster. It is recommended for natural

ventilation, especialy with buoyant forces.
3.3.4.1. Smulation for airflow around buildings

The layout of the smulation model for airflow around residential house is shown in
Fig.3-9. The atmosphere boundary conditions are set at the south face of the house model, and
the location terrain is a flat unobstructed area with the size of 100m” 100m” 60m. The height
displayed in this graph is only 30m, because the top wall is set to be symmetry boundaries.
While the model house is put in the middle of the simulation area with the sze of
5.7m" 10m" 6m with the floor height of 0.5m.

The basic mesh size is 2m” 2m” 2m, and places near the model room are subdivided into
smaller mesh with the height of 0.1m, and the total mesh number reaches nearly 200000.
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Fig.39.  Simulation model of air flow around house

The steady turbulent RNG model is used in the smulation. The turbulent energy k is
assumed to be 0.19 a X=-50m, others boundary conditions are shown in Table 3-8.

Table3-8.  Boundary conditions of atmosphere velocity

Y (m) U, (m/s) U, (m/s) Turbulent dissipation
0.727308 1.800408 -9.74E-08 0.045002
1.58831 1.946671 -1.05E-07 0.020607
2.623601 2.046863 -1.11E-07 0.012475
3.89206 2.129202 -1.15E-07 0.008409
5.482456 2.203416 -1.19E-07 0.00597
7.535164 2.274617 -1.23E-07 0.004344
10.28605 2.346518 -1.27E-07 0.003182
14.16431 2.422805 -1.31E-07 0.002311
20.04157 2.508373 -1.36E-07 0.001633
30 2.611627 -1.41E-07 0.001091

3.3.4.2. Smulation in the double skin space

The layout of the smulation model for double skin space is shown in Fig.3-10, which
shows the detail dimensions of the residential model in Fig.3-9.
The basic mesh size is 0.1m" 0.1m" 0.1m, and places near floor openings and roof

opening are strengthened, and the total mesh number is about 100000.
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Fig.3-10.

The boundary conditions are set according to the surface temperatures calculated by heat
balance equations, such as the temperature of roof, walls, floor and glass, and the interior sun
shadings are set as a heat source with fixed temperature. The floor openings are set with fixed
temperature and ambient pressure, while the same pressure is set on the roof opening. And all
the openings are closed in the winter, and there is aso no sun shading.

The transient turbulent zero-equation model is used in the smulation. The boundary

conditions in winter and summer are detailed in Table 39 for the natural ventilation mode and

closed mode.
Table 3-9. Boundary conditions (temperature)
L ocation Temperature.( C) L ocation Temperature.( C)
Summer | Winter Summer Winter
Floor A - Exterior glass 35.6 -
Roof 34.8 - Interior glass 32.3 -
East wall 34.6 - Sun shading 38 -
West wall 34.6 - Outside air 31 -




3.4.Smulation results

3.4.1. Air flow around the house

According to the prevailing wind in Kitakyushu coming from the south and with the
average speed of 2m/s, by using the RNG modd, the static pressure around the model house
(L5.7m” W10m" H6m) with a raised floor of 0.5m is shown in Fig.3-11. The front surface has a

positive pressure of about 3 Pa, while the front parts of the floor and roof have negative pressure
with the minimum of about -5 Pa.

Pressure (Pa)

3
! 2

o

Wind
U=2nv/s

House (1F)

Floor opening

57m |

Fig.3-11. Air flow and pressure around the model house

At the floor openings there is a little negative pressure of about O to -2 Pa, while roof
opening has a bigger negative pressure of about -4 Pa, this will help air flow in the double skin.
Considering the pressure loss coefficient of opened air inlets with net filter, the resistant will be
in the relative quantity with the driven force from wind. Therefore, driven force from wind is
neglected in the following smulation.

And one more thing should be pointed out is that if the openings (inlets/outlets) are
designed in the front surface of a building, like the TWR tower introduced in Chapter 1,
athough they had some specia design for the outlet in the TWR tower, it is not recommended.
The exhaust openings should be in the negative pressure area, just like the proposed modd.
Even with the variation of wind direction the exhaust openings have not a positive pressure. But
relative measures for prevention from rain should be considered.

-67-



3.4.2. Simulation resultsin summer
According to the heat balance egquations, and the outside climate on August 8 of Y ahata

shown in Table 3-5, the ssimulation resuts in summer are shown as follows.
3.4.2.1. Temperaturedistribution in double skin

The distribution of natural temperature for Case 3-1 and 3-2 is shown in Fig.3-12.

45
Case3-2 2F
40 / Case3-1 2F
35 r Case3-1 1F
30 1 Outdoor air
25
20 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

123456 7 8 9101112131415161718192021222324
Fig.3-12. Natural room temperature distribution for Cases 3-1 and 3-2

Although the sun shadings are shut down in Case 32, because the conventiona house is
completely closed without any ventilation, the indoor temperature increases fast. The peak value
reaches 41°C in the room on the second floor at 14:00 in the afternoon, while it is a little lower
on thefirst floor at about 39°C.

As for Case 3-1, the sun shadings absorb the solar radiation, then the heated dats
exchange heat with the air in the double skin. The peak temperature is about 41°C in the double
skin. And the hot air rises because of the buoyancy force, at the same time the cold air under the
floor will be induced into the double skin. With the help of natura ventilation, the absorbed heat
can be exhausted to the outside.

Although the pesk room temperature on the second floor reaches nearly 38°C during the
afternoon, it is about 3C lower than in Case 3-2. While the maximum reaches 35°C in the first
floor room with about 3C smaller than Case 32. Compared with the outside temperature, the

maximum temperature increase reaches nearly 10°C, which refers to the temperature difference



between the air under the floor and ouitlet.

During the afternoon, air temperatures drop gradualy, and the decrease of speed in the
double skin is fastest, 1.48°C per hour from 14:00 to 18:00 in the second floor in Case 3-1, then
the rooms in Case 32 for about 0.75°C per hour, and the lowest is the rooms in Case 31 for
about 0.67°C per hour. The temperature in the double skin is very close to the outside air, while

the indoor air remains to be about 30°C even in the midnight.
3.4.2.2. Airflow by stack effect

According to Equation (3-21), the calculated temperature difference and the airflow
caused by natura ventilation is shown in Fig.3-13, here the discharge coefficient for opening is

0.65, and the resistance of ventilation devices is neglected.

Airflow Temp.
(m¥h) Difference ( )
900 8
== Airflow
—&— Temp_diff
800 I 1 6
700 1 4
600 1 2
500 0

9 10 1 12 13 14 15 16 17 18 Hour
Fig.3-13. Natura ventilation by stack effect

With the incresse of temperature difference the arflow rate is also incressed, the
maximum natural ventilation rate reaches about 750 ni*/h in the afternoon when the temperature
difference is about 5°C. If the temperature difference is only 23°C, this will lead to about
650m*/h airflow rate by natural ventilation, which is equal to the air change rate about 10 per
hour for the double skin space.

The detail temperature distribution is calculated according to CFD simulation with the
zero-equation mode of Airpak2.0, and results of temperature distribution in the double skin
system at 12:00 are shown in Fig.3-14, and the boundary conditionings are shown in Table 3-9.
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The temperature is stratified in the vertical direction, and the temperature difference between the
floor opening and the roof opening is about 4°C. While the velocity distributions at Y=0.1m (the
section of floor opening) and Y =0.6m (the section of roof opening) are shown in Fig.3-15, the
average velocity is about 0.3m/s at the floor opening. The arflow driven by stack effect reaches
670m°/h, which is similar to the results from the macro model of Equation (3-21).

Temperature
©
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35 : : |

i floor opening ik

floor opening | X

Fig.3-14. Temperature Stratification in vertical direction (at Y=0.6m)

3.4.2.3. Theratio of exhaust heat

According to the calculated surface temperatures and natural airflow rate, the flow of
solar radiation in the double skin system can be shown in Table 3-10.

As the heat gain mainly comes from the solar radiation from the south, while the
temperature difference is small in the morning, the airflow caused by natural ventilation is
smaller, which leads to a smaller exhaust ratio. With the increase of airflow rate the exhaust
ratio increases fast, and the average value is nearly 10% during 11:00 to 15:00. While the ratio
of exhaust heat and transmitted solar radiation from the shading is quite large, about 25%.

But after the direction radiation becomes zero, the exhaust heat ill remains large, which
leads to alarger ratio of heat exhaust. The reason liesin that the storage heat from the walls and
room is aso discharged.
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Table 3-10. Solar heat gain exhausted in the double skin system

Solar Heat | Shading Airflow |Exhaust heat| Exhaust Exhaust
Hour gan (W) | absorbed (m3/s) (W) ratiol(%) | ratio2(%)
A B C D E1=D/A E2=D/B
9 10333 3131 0.18 727 7.0% 23.2%
10 16167 4899 0.21 1318 8.2% 26.9%
n 20167 6111 0.20 1319 6.5% 21.6%
12 21833 6615 0.20 1326 6.1% 20.0%
13 21667 6565 0.21 1341 6.2% 20.4%
14 19333 5858 0.21 1350 7.0% 23.0%
15 14833 4494 0.21 1357 9.1% 30.2%
16 8667 2626 0.21 1366
17 3833 1161 0.21 1377
18 2167 657 021 1394
Average 7.2% 23.6%

Note: Exhaust ratiol refers to the ratio with the solar heat gain in south direction, while
exhaust ratio2 refers to the ratio with the heat absorbed by the shading. As the drect solar
radiation becomes zero after 16:00, they are not included in the average value.

3.4.2.4. Cooling load

The comparison of cooling load between Case 31 (house with double skin) and Case3-2
(house without double skin) is shown in Fig.3-16. The average cooling load in the double skin
house is 65.6 W/nt for the 1F room and 68 W/nT for the 2F room, when the set air conditioni ng
temperature is 26°C. The cut of cooling load in the 1F room is 16%, while it is 14.7% in the 2F
room, which is smaller than that in IF. The reason lies in that there is temperature stratification
in the double skin space, the higher the temperature is, the larger heat convection from the

double skin space to the room is.

3.4.3. Simulation resultsin winter
According to the heat balance equations, and the outside climate of Yahata shown in

Table 3-6, the smulation results in winter are shown as follows:
3.4.3.1. Green house effect Temperaturedistribution in double skin

The comparison of natura temperature on Feb. 6 for Cases 33 and 34 is shown in
Fig.3-17, as the average solar radiation on horizontal surface exceeds 300W/n¥ in the daytime,

the green house effect of double skin system is very obvious.
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Fig.316. Comparison of Cooling load between house with double skin and conventional
house in summer

-73-



T( )
_,l 2 hours <
40

35 L 2F DS 2Froom_DS
Case3-3 Case3-3
30
1F DS 1Froom DS
25 | Case3-3 Case3-3
20 |
15 ¢ Outside
10 ko
s [ 1Froom Con 2Froom_Con
Case3-4 o
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 23 45 6 7 8 9 1011 121314151617 18 19 20 21 22 23 24 Hour

Fig.3-17. Natura temperature distribution in winter for Cases 3-3 and 3-4

In Case 33 the sun shadings are drawn up to let more solar radiation in, when the peak
temperature in the double skin space reaches over 35°C at 13:00, which is nearly 20°C higher
than the outside. While the highest temperature in 2F room reaches about 30°C during the
period of 15:00 to 16:00 with 2 hour’s delay compared with the peak of double skin space. The
highest temperature in the 1F also exceeds 20°C.

While shadings are also drawn up in Case 3-4, the room temperature is only about 15°C,
which is only 2 to 3 degrees higher than the outside air. The reason lies in that the south glass
exchanges heat intensively with the outside air, and the heat cannot be stored within the houses.
The room temperature difference between the double skin type and the conventional one
reaches 8-10°C. The 2F room in Case 3-3 does not need air conditioning in the afternoon, while
ar conditioning is necessary in Case 3-4.

The double skin space acts as a buffer between the room and the outside air, which not
only introduces more solar energy, but also prevents the heat from escaping, therefore the whole
house is just like a green house, the room air temperature in Case 33 is 7°C higher than that in
Case 34 even in the midnight. This will lead to great energy conservation. It is estimated that
about 60-70% hesating load can be reduced when there is enough solar radiation.

Although all the openings are closed in the double skin space, temperature difference
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between the 1F and 2F is quite big. The main reason lies in that the stedl grills between the 1F
and 2F absorbs the solar radiation, which will be absorbed by the air. Because of the increased
temperature, the buoyancy makes the high temperature air rise to the 2F space.

Asthe thermal capacity is very smal in the double skin space, the speed of temperature
drop is very fast. The temperature drops over 3C per hour from 14:00 to 19:00 in the double
skin space, while it is only 1°C per hour in the rooms. This means it is better to shut down the
shadings when the south solar radiation becomes to drop after 15:00, and this will bring to more

energy saving.
3.4.3.2. Heating load

Asismentioned in last section, the comparison of heating load should be made on “worst
conditions”, the average climate conditions in the coldest month shown in Table 3-6 are used for
hesting load comparison. The set indoor temperature for heating is 22°C, and the total airflow
rate of infiltration and fresh air is taken as to be equal to air change rate of 1 per hour.

The heating load in the double skin house is smaller than that in the conventional house
because of the green house effect of the double skin space, as is shown in Fig.3-18. Compared
with the conventional type (Case 34), the average heating load in the 2F room in double skin
house (Case 3-3) is about 53 W/n?, with a cut of about 30%. While the heating load in the 1F
room is about 47 W/nt, which accounts for a cut of 23%.

Although the average solar intendity in January is only haf of that on Feb. 6, i.e. about
180W/nT, it will aso bring about great energy saving. If the direct heat gain from solar

radiation is taken into consideration, the energy conservation will become greater.
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3.5.Summary and Conclusion

Compared with the conventional house without double skin system, the effectiveness of
double skin system in residential house is evaluated by smulation. The air pressure at the floor
openings caused by the wind effect is similar to that at the roof opening, therefore only the
therma effect is considered in this study. The double skin space acts as a buffer between the
room and the outside air, which not only can lead to more heat exhaustion in summer, but also
can prevent the heat from escaping in winter, and the detail conclusions are as follows:

During the summer when sunlight is very strong, temperature stratification occurs in the
vertical direction, and the maximum temperature in the double skin can be about 5C higher
than the outside air. When all the openings are on, the natural ventilation caused by the buoyant
force is promoted, which reaches 750m*/h, therefore the air change rate in the double skin space
is 10 per hour. The solar radiation can be effectively exhausted with the stack effect, and nearly
10% of the total solar radiation in the south direction has been exhausted. Compared with the
transmitted solar radiation, about 20-30% solar radiation can be discharged directly. During the
air conditioning period, the exhausted heat and shading effect of double skin will lead to about a
15% cut in cooling load when the room air is set to be 26°C.

During the winter, when al the openings are closed, the double skin space acts as a buffer
between the room and the outside ar, which prevents the heat from escaping. The peak
temperature in the double skin space reaches over 30°C at about 13:00, which is about 20°C
higher than the outside. While the highest temperature in 2F room reaches about 25°C at 14:00
with an hour’s delay, and the maximum temperature in the 1F also exceeds 20°C.

Compared with the conventiond type, the average heating load in the 2F room in double
skin house is about 53 W/n, with a cut of about 30%. While the heating load in the 1F room is
about 47 W/, which accounts for a cut of 23%.

If the direct heat gain from solar radiation is taken into consideration, the energy
conservation will become gresater.

The effectiveness of this passive system will be further studied according to the field

experiments in the next chapter.
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CHAPTER 4
FIELD EXPERIMENT OF DOUBLE SKIN SYSTEM IN
THE EXPERIMENTAL HOUSE

According to the ssimulation results in Chapter 3, the double skin system has a great effect
on energy saving by the stack effect in the summer and the green house effect in the winter. In
order to verify its real effect, it has been designed in the experimenta house in Kitakyushu. In
the following part, the details of this double skin system have been illustrated, then the climate
conditions, such as solar radiation, outside ar velocity, the temperature distribution in the
double skin and inside rooms are measured during the summer, winter and autumn, thus to
analysis its utility of natural energy, appraise its effectiveness for residential house. The

experiment results have also been compared with the simulation results.

4.1.Details of the Double Skin System

The details of the double skin system in the experimental house are shown in Fig.4-1, as
well as the layout of the test points. The SOHO (1F) and living room (2F) have a 2.4 meter-high
south window, and there is a 6 meter-high exterior window to the south of room. The space
between the fenestration and the south windowswall of SOHO/living room congtitute the
double skin space. The width of this space is 1.2m, and the fenestration components are 8mm
flat glass with interior dat-type sunshades.

In summer the interior shades are completely shut down to cut the solar radiation, while
in winter, the shadings are drawn up to introduce more solar radiation and daylight. The
openings on the floor and roof can be controlled according to outside climate to make sure of
indoor thermal comfort.

The scenery of the double skin in the experimenta house is shown in Fig.4-2, and this
space is separated from the sted grillers at the height of 3n. The materias and ventilation
devices used in this experimental house are listed in Table 41. The thermal resistances are the

same with those in Chapter 3.
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4.2.0utline of field experiment

In order to evaluate the efficiency of natura ventilation in the double skin system, field

experiments are conducted in the summer, autumn and winter of 2001.

Table4-1. Detail congtitution of the double skin in the experimental house

. Overal Coe. of heat
Composition Structure transfer (W/m?K)
Exterior glass South-facing, 8mm glass 5.8

North-facing, 3mm glass + 6mm air layer + 3mm glass 3.4
Interior glass South-facing, 6mm glass 5.9
8mm glass + 140mm insulator + 20mm air layer +
Roof 20mm recycled pet bottle 0.307
. 8mm glass + 90mm insulator + 10mm air layer +
Exterior wall 20mmg:ecycled pet bottle i 0.457
Interior wall 70mm insulator + 10mm recycled pet bottle
1F Floor 17mm insulator + 100mm insulator + 50mm air layer + 0.370
12mm recycled pet bottle
F Floor 17mm insulator + 50mm insulator + 50mm air layer + 0.553
12mm recycled pet bottle
Dimensions Quantity Memo
Opening on floor | 1.4m (L) 0.11m (W) 4 With filter
Opening onroof | 3m(L) ~ 0.1m (W) 2
Axia-flow fan Airflow rate=650m>/h 2 Mitsubishi
Power=56W JFU-65S
Static pressure=60pa (Low noise)
Current=0.56A

4.2.1. Tegting pointsand instruments

Air temperature (dry-bulb) in double skin space, and each room is tested, as well as those
on different surfaces. In the double skin, the temperature sensors are set in the vertical direction
at the height of 0.1m, 1.2m, 2.3m, 3.4m, 4.5m and 5.6m, as well as that below the roof.

The test points in the room are set in the middle of the room with the height of 0.1m,
1.2m and 2.3m.Test points of air velocity are set on the floor opening.

At the same time, outsde temperature, total solar radiation on the horizontal surface,
wind speed and direction are measured. In addition, the PMV in the living room are aso tested
during autumn and winter.

Most of the data are recorded in a data collector, or by computer. Detail testing points and

relative instruments are shown is Table 4-2.
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Table4-2.  Testing points and instruments in the double skin

No. | Testing items Points | Instruments
_ _ Thermocouples (T-type)
1 | Temperature in double skin space 18
T-6F 0.2
_ _ Thermocouples (T-type)
2 | Temperature in double skin space 3
T-6F 0.2¢
Thermocouples (T-type
3 | Indoor air temperature 15 ples(T-type)
T-6F 0.2
Indoor humidity 5 Electrica type
4 | Air veocity 3 RION AM-097
Temperature and humidity in double
5 ) 2 Tr-72s (thermal recorder)
skin space
6 | PMV 1
. . ALNOR
7 | Air flow at the opening 1
Standard Barometer
. Solar radiation 1 MS601 (EKO INSTRUMENTS Co.)
(Second class Pyranometer) Directional response: less than +25 W-m*
, — MA-110 (EKO INSTRUMENTS
9 | Wind speed direction 1 ( )
Vane type Direction sensor
10 | Qutdoor temperature and humidity 1 Electrical type

4.2.2. Modeof doubleskin

As the double skin system has four floor openings, one roof opening, windows, sunshades
and some ventilation devices, according to the combination of these components in different
climate conditions, there are many operation modes for the double skin system, thus to make the
best of natural conditions to realize thermal comfort.

The basic modes can be divided into four types illustrated in Fig.4-3, and their

characteristics are as follows.
4.2.2.1. Summer mode

Mode 1 in Fig.4-3 is called the summer mode. In this mode the ventilation openings in
the double skin are al opened, the interior shadings and other operable windows are completely
shut down.
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Fig. 4-3. Basic operation modes of the double skin system

This mode is suitable for summer when the sunlight and skylight is very strong during the
daytime. The shadings shut down most of the solar radiation, and the air under the floor can be
taken in by the stack effect, and be exhausted on the roof.

The large amount of heat is expected to be exhausted by the natura ventilation, which
will lead to less cooling load.

4.2.2.2. Winter mode

Mode 2 in Fig.4-3 is called the winter mode. In this mode the ventilation openings and
windows in the double skin and room are al closed, while the interior shadings are hung up
during the daytime.

This mode is suitable for winter when the outside air is very cold, but the sunlight and
skylight is strong. The solar radiation can be transmitted into the rooms, and the long-wave
radiation can be left in the room because of the glass windows. The double skin acts as a buffer
between the outside and the room.

The green house effect and heat storage by this method is expected, which will lead to
less heating load.



4.2.2.3. Intermediate season mode

Mode 3 in Fig.4-3 is called the intermediate mode. In this mode the ventilation openings
and windows are opened, while the interior shadings are controlled.

This mode is suitable for the time when the outside air is avalable for cooling or
ventilation, especialy during the intermediate seasons. When the sunlight and skylight is very
strong, the shadings can be controlled to prevent solar radiation.

The natura ventilation for free cooling by this method is expected, when the outside air
temperature is lower than the room air. And with the introduction of enough natural ventilation

the occupant will feel more comfortable
4.2.2.4. Mechanical ventilation mode

Mode 4 in Fig.4-3 can be called the mechanica ventilation mode, in which the auxiliary
fans on the east wall and west wall are operated.

This mode is suitable when the natura force for ventilation is not enough, especialy
when the wind is very smdl or can not easy flow into the room.

The effect of mechanical ventilation by this method is expected.

The diversity modes of double skin system are the combination of the above four mode,

and the details are summed up in Fig.4-4.
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Fig. 44. Diversity operation modes of the double skin system



4.3.Experiment results

Thefield experiments were conducted throughout the year in the experimental house in
Kitakyushu in 2001. The outside conditions and the results of experiment for summer, autumn
and winter are detailed in the following part according to their corresponding operation mode.
The performance of the double skin system and its effect on indoor environment and energy

conservation is anayzed.

4.3.1. Field experimentsin summer
The fidd experiment in summer was conducted from Aug. 2 to Aug. 10, when it was in
the pesk of the summer.

4.3.1.1. Outside climate conditions

The average air temperature is 30.1°C during the experiment period, while the maximum
value is 36.7°C and the minimum is 24.5°C. The average of relative humidity is about 50% in
the daytime, while it is rather high at night (for about 80-90%). The peak of total solar radiation
incident on surface is 3MJn¥.h (Fig.4-5). The wind speed is about 1.14mV/s, with the prevailing
wind direction from southwest (Fig.4-6, Fig.4-7).

The data on Aug. 5 are used to anayze the temperature distribution and effect of natural
ventilation in the double skin system.
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Fig. 4-5. Outside air temperature and solar radiation in the summer experiment
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4.3.1.2. Temperature distribution

According to the summer mode, the variation of natural temperaturesis shown in Fig.4-8.
The peak temperature at the outlet reaches 42.6°C at 16:00, with the biggest temperature
increase of about 12.9°C from the floor opening to the roof opening.

The naturd air temperature in the living room (2F) and SOHO exceeds the outside air in
the afternoon. The peak value is 37.5°C in the living room, while it is 34.4°C in the SOHO, with
the biggest temperature difference of 3°C. Although the temperature increase in the double skin



is bigger than the smulation results in Chapter 3, the natural temperature in the room is very
close to the simulation results.
In Fig.4-8, temperature increase in the double skin space is contributed to solar radiation,

but it has a delay of 3 to 4 hours, compared with the variation of solar radiation.
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Fig. 4-8. Temperature distribution in the double skin and rooms

After 18:00 the room temperatures are till very high, while the outside air goes down to
about 28°C. In this occasion, if natural ventilation or mechanical ventilation is adopted, the

room will be cooled.
4.3.1.3. Airflow in the double skin space

The variation of air velocity at the inlet of the double skin is shown in Fig.4-9. The
average velocity in the daytime is higher than that in the nighttime, and it reaches the maximum
during the period from 11:00 to 13:00 with both natural ventilation and mechanical ventilation.
It can be seen that airflow rate depends more on the temperature difference between double skin
and the outside air than on the wind speed, especidly in the daytime. For example, when the
average temperature difference is 6.7°C from 15:00 to 16:00, the maximum air velocity is about
0.25m/s, which is corresponding to the airflow rate of 760m*/h. The experimental results are

similar to the simulation results.
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Fig. 4-9. Variation of air velocity with temperature difference between average temperature in
double skin and temperature under floor

Asthe flow in the double skin is caused by wind and thermal forces together, the flow can
be expressed by Equations (4-1)-(4-2) according to ASHRAE Fundamental Handbook 2001.

My, = Cp Ayr/ 20DH o (T, - To) /T, (41)

where G, is discharge coefficient for opening, 0.65; T, is the average temperature in the

double skin, DHyp. is hdf of the height of double skin, i.e. 3.7m.
mw = Cvp\sﬂu (4'2)
where C, is effectiveness of opening, 0.25, U iswind speed.

The tota airflow by wind and thermal forces can be expressed by Equation (4-3),
according to (JBMEEA, 2000)

M= /(M + riy,) 43

Because of the mechanical ventilation during 11:40 to 12:15, and 17:40 to 18:15, the red

flow rate depends on the comprehensive effect of thermal force and wind. While temperature



difference between outside and inside i.e. Dt is small, the measured flow rate is larger than
that calculated by Equation (4-1). When Dt is larger than 5°C, the natural force becomes the
main part, and the flow rate seems to be independent on wind force (Fig.4-10). This shows that
the wind effect will be more important when the thermal effect is small. It confirms that the
temperature difference is the driven force of the natura ventilation in the double skin. The total
airflow can be enforced if the auxiliary fan is put into operation, as the airflow is larger than

calculation during the fan operation period.
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Fig. 4-10. Airflow by natural ventilation and mechanical ventilation, and the temperature
difference between double skin and under floor (on Aug. 5)

4.3.1.4. Energy flow

According to the temperature distribution and air velocity at the opening in the double
skin, the details of energy flow in the double skin during 9:00 to 15:00 are caculated in Table
4-3

In Mode 1, the exhaust hest ratio from natural ventilation is about 10-15% of the lar
radiation in the south direction (Fig.4-11), which is similar to the smulation result. And the
exhaudt ratio increases to about 30% during the period of 11:00 to 14:00 when fans are put into
operation. This shows that the hybrid ventilation leads to more heat exhaust and more energy

saving.
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4.3.1.5. Energy conservation

According to the passive method and openings of the double skin system, the energy
consumption in the experimental house is tested, and the cases and conditions are set in Table
4-4. Asthe outdoor climate on Aug. 2, is quite similar to that on Aug. 6 and 7, the cooling load
consumption is compared in these 3 days with different modes. The exterior windows are
opened in Case A, while they are closed in Case B, and floor openings and roof opening are
opened for natural ventilation. Case C is assumed to be the conventional case, as the openings
are closed. The cooling load is calculated by Equation (4-4)

Qd = GCm(tra - tsa) (4'4)

where t,, is temperature of return air; ts, is temperature of supply air; C, is specific heat of air; r
isar density; m isairflow rate. Here the temperature difference between return and exhaust is

approximately to be zero.

Table4-3. Energy flow in double skinin Mode 1

Time 9:00-10:00 |10:00-11:00 | 11:00-12:00 |12:00-13:00 | 13:00-14:00 | 14:00-1500
Temperature (°C)
DS 1F 31.21 32.36 32.48 32.68 32.94 33.59
DS2F 33.81 36.67 37.63 37.79 37.71 38.12
SOHO 31.26 32.40 33.18 33.60 33.85 34.00
Living room 3111 32.64 34.12 35.14 35.85 36.59
DS5.6m (outlet) 34.92 38.37 39.67 39.70 39.28 39.25
DS floor (inlet) 29.72 30.17 30.72 31.00 30.80 30.92
Air flow rate
Opet(m/gs)\/ e 0.20 0.22 0.37 0.39 0.34 0.26
Flow rate(m’/s) 0.11 0.12 0.21 0.22 0.19 0.15
Energy (W)
Exhaust heat 1223.93 2180.57 4031.45 4077.97 3526.25 2633.10
Tota heat gain* | 9810.90 11263.53 9934.40 8280.04 8627.05 10471.28

Exhaust heat ratio

Exhaustraio | 007] ou 0.23 0.28 0.23 0.14

Note: * refersto solar heat from the south glass with the shading factor is 0.52.
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Fig. 4-11. Ratio of heat exhaust by ventilation in the double skin

Table 4-4. Cases setting for energy consumption with/without double skin

CASEB CASEC
Roof opepiig:opened Roof operfing: closed
Livingroom . /D Livingroom
Livingroom
Double skin
space ‘ _____ I N ’7____
SOHO SOHO /D SOHO
ﬁ/k— _/&— —
Floor opening: opened Floor opening: opened Floor opening: closed
DATE 8/6 8/2 8/7
Avg. 33.23 32.58 33.55
Outdoor temp
Max 36.67 35.75 36.58
Solar / Avg. 0.47 0.53 0.23
Max 0.93 0.93 0.98
Air conditioning time SOHO 9:00 18:00/26
setting air temperaure [ |jying | 18:00 22:00/28 | - | 18:00 22:00/28

The comparison of cooling load is shown in Fig.4-12 and Fig.4-13. Asto the cooling load
in the 1F SOHO during the daytime, Case A is the smalest about 48 5W/nt, then Case B is
51.4W/n¥, and the largest is Case C of 60.4W/nt. Compared with Case C, Case A has an
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average cut of 20%, and Case B is 15%. This confirms that the double skin system can cut down
about 15-20% cooling load for the 1F room.

As to the cooling load in the 2F Living room during 18:00 to 22:00, Case A is about
48.2W/nt, while Case C is about 52.9 W/n. And Case A has a cut down of about 8%. If itisin

the daytime, the ratio of energy saving may increase with the larger natural ventilation.

Load (W/nf)
70
65 r |ModeC:Iivingroom|
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50 . . .
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Fig. 4-12. Energy conservation in 1F SOHO Room
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Fig. 4-13. Energy conservation in 2F Living Room
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4.3.2. Fidd experimentsin autumn

The field experiment of double skin system in the autumn was conducted from Oct. 10 to
Nov. 15, both of the changes from summer to autumn and autumn to winter are observed. The
air temperature in the first week was warmer, closer to the conditions in summer, while it was
colder in the later, closer to the conditions in winter. Therefore the experiment results are
detailed into two parts, one is fram Oct. 10 to 15, and the other is from Nov.6 to 22, which pays

more attention on the subjective assessment.
4.3.2.1. Climate conditions from Oct. 10 to 15

The average air temperature is 19.8°C during the experiment period, while the maximum
value is 25.3°C, and the minimum is 13.5°C. But the peak of total solar radiation is still very
intensive, about 0.9kW/nTt (Fig.4-14). The average relative humidity remains high at night, but
it is about 45% in the daytime. And the average wind speed is a little bigger (about 2m/s
(Fig.4-15), with the prevailing wind in the west and east directions (Fig.4- 16).

4.3.2.2. Temperature distribution with different modes

Although the solar radiation has little variation in this period, according to different
operation modes, the temperature distribution is different. The comparison of temperature
distribution for three modes is shown in Fig.4-17, among which one is a closed type, one is

natura ventilation + shading, and the other has further mechanical ventilation in the daytime.
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Fig. 4-14. Outside air temperature and solar radiation from Oct.10 to 15 in autumn
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Fig. 4-15. Outside air humidity and wind speed from Oct.10 to 15 in autumn
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Fig. 4-16. Wind rose from Oct.10 to 15 in autumn

The outside temperatures vary in the same range from Oct. 14, 15 and 19, as well as the
solar radiation. According to the different operation modes, the temperature in the living room
has different variations, which shows the effect of different operation methods. The peak value
reaches 37°C, which is about 12°C higher than the outside on Oct. 14 with the closed type
(Mode 2). When natural ventilation and sun shading is adopted (Mode 3), it drops to 28°C,
which is only 3C higher than the outside air. Furthermore, when mechanical ventilation is put
into operation on Oct.19 (Mode 3+4) with the air change rate of 2 per hour, the room air can be
decreased to 25°C, which is very close to the outsde air. It is confirmed that during the

intermediate seasons, hybrid ventilation will be available for environmental improvement.
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Fig. 4-17. Comparison of temperature distribution with different operation modes in the double
skin in the middle of October 2001

4.3.2.3. Indoor thermal comfort

PMV in the living room is tested in November. Different modes are set on Nov. 8 and

Nov. 9, athough they have smilar climate conditions shown in Fig.4-18. The closed mode is set

for Nov. 8, and the mechanica ventilation mode is for Nov.9 with air change rate of 5 per hour.

The largest temperature difference in these two days reaches 6.3°C. If the activity is set to be
1.0met, and clothing 1 clo, PMV can drop from 1.8 to 0.8 at 13:00 (Fig.4-19). This means that

the indoor environment can be improved gregtly only by ventilation.
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Fig. 4-18. Climate conditions on Nov. 8 (closed mode) and Nov.9
(mechanical ventilation mode)
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Fig. 4-19. PMV improvement by ventilation

On the contrary, when the average temperature of outside air goes down below 10°C, the
indoor temperature can be increased by the closed mode, thus to redlize thermal comfort without
extra heating.

It can be concluded that the indoor environment can ke improved by ventilation or by

controlling the windows, and less energy will be consumed during the intermediate seasons.
4.3.2.4. Indoor air quality

Volatile organic compounds (VOC) in the indoor atmosphere were tested on Sept. 16,
2001 in the natural ventilation mode when all the diding door, interior windows, and openings

on the floor of double skin are opened. The sketch of the testing is illustrated in Fig.4-20.
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Fig. 4-20. Sketch of the measurement of VOC



Air change rate by natura ventilation
Here the tracer gas decay method is used to test the air change rate by natural ventilation,
and the tracer gasis CO,. The air change rate can be calculated by Equation (4-5)

N =-2.303(log,, C, - log,, C,)/t (4-9)

whereN is air change rate (h™"); and t is sampling period of time (h); C; is the CO, concentration
difference between room air and outside air at the starting time; and C, is the concentration
difference at the ending time.

According to the field measurement, air change rate by natural ventilation reaches 1.46

per hour. The details are shown in Table 4-5.

Table 4-5. Testing of air change rate by natura ventilation

S Sampling CO, concentration (ppm)
period (hour) | Outsde | Indoor difference
Starting 15:.06 500 3750 3250
Ending 16:00 54/60=0.9 600 1470 870

Air change rate by natural |\ = _5 303(10g, 870- log,, 3250)/0.9 =1.46

ventilation per hour
Note: Thetest is conducted by YKK AP Co.

VOC emissions

The tested indoor VOC emissions are shown in Table 46, as well as the recommended
values of Ministry of Health, Japan. It can be seen that the concentrations of contaminants are
very small in the experiment house, which are much lower than the limit values of the state
standard. This means that the indoor air equality is good and it has little impact on occupancy
hedlth.

The comparison of VOC emissions between September and March when it was just
finished reconstruction six month ago is shown in Table 47. Although the VOC concentrations
were quite high when the experimental house was just reconstructed, they become small after
being used. Half ayear later, the house can well meet the healthy requirements.

This shows that natural ventilation has exhausted the VOC emissions effectively in a
quite short period.
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Table4-6.  Pollutant emissions tested in the experimental house
Outside SOHO Living room | Recommended*
Temperature (°C) 26.3 294 337 -
RH (%) 49.3 48.9 41 -
Emissions
Formaldehyde (Ppm) 0.002 0.010* 0.014* 0.08
Toluene (my/nT) 0.1 5.5 10.4 260
Xylene (my/n) 0.5 25 45 -
o-xylene (my/n?) 0.2 1.2 1.9 870
m,p-xylene (my/nT) 0.3 1.3 2.6 870
Ethylbenzene (my/n) 0.2 15 34 3800
Styrene (ny/n?) 0.3 33 4.9 220
P-dichlorobenzene (ng/n’) 0.7 0.6 0.7 240
DBP (my/n) 0.1 0.1 0.0 220
Table4-7. Comparison of VOC emissions between Sept. and Mar. 2001
SOHO (ngy/nt) Living room (my/nt)
March September March September
Benzene 1.7 - 1.3 -
Toluene 821.7 55 1183.3 104
Xylene 54.3 25 68.4 45
Ethylbenzene 137.1 15 183.6 34
Styrene - 3.3 - 49
P-dichlorobenzene - 0.6 - 0.7
DBP - 0.1 - 0
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4.3.3. Field experimentsin winter

The fidld experiment in the winter was conducted from Feb.2 to Feb. 21 in 2002, and
outside temperature was rather low, especidly in the nighttime.

The average outside air temperature is 7.7°C from Feb. 3 to Feb. 10, and the minimum
vaue is -0.23°C. The pesk solar radiation is 0.76W/nf, which is similar to those in other
seasons (Fig.4-21). The average relative humidity is 55%, while the lowest is only 16% in the
daytime. And the average wind speed is 1.4nm/s, with the maximum of 6.4m/s (Fig.4-22). In

winter the prevailing winds comesin the southwest direction (Fig.4-23).

T ) Solar Radiation (kW/nf)
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Fig. 4-21. Outside air temperature and solar radiation in winter
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Fig. 4-22. Outside air humidity and wind speed in winter
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Fig. 4-23. Wind rose in winter (Feb.3 to Feb.10)

4.3.3.1. Temperaturedistribution by Mode 2

Because the outside air is rather cold, he closed mode (Mode 2) is often adopted in
winter. Fig. 424 shows the temperature distributions in the experiment house on Feb. 6 and 7,
when the solar radiation is till rather high with the pesk of 0.57kW/nf.

)

T(
40
35
30
25

0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 0:00
Feb. 6 Feb. 7
Fig. 4-24. Temperature distribution on Feb. 6 and 7 by Mode 2

Although the outside air is only 5C during the nighttime, the peak reaches 35°C on the
second floor of double skin, which is about 20°C higher than the outside air. The air in Living
room (2F) aso reaches nearly 30°C during 13:00 to 15:00, while it reaches nearly 20°C in
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SOHO (1F). As the temperature is a little lower in the next day, the biggest temperature
difference between double skin and outside air still reaches 18°C, which shows that the effect of
solar radiation absorption is very significant. The other reason lies in that the equivalent leakage
areais only 3.65cnt/m’, which is smaller than the requirement of airtight building in Japan, i.e.
5 et/ at the pressure of 9.8Pa (Committee of Speciation on New Standard for Residential

Houses, 1998), and this will lead to less heat loss from the exterior envelope.
4.3.3.2. Energy conservation for heating

The heat balance of the room can be smplified as Equation (4-6):

Qheat +anin - W(trm - 1:O) =0 (4'6)
where Qnex IS heating load from air conditioning; Qgain iS heat gain from solar radiation and
others; t.., isroom air temperature; t, is outdoor air temperature, and W is coefficient of heat loss

and according to AlJ (1980), it can be expressed by Equation (4-7):

SK; +rC,m (4-7)

Qo

W =

i=1

where the first item stands for heat resistance of the envelope, and the second item refers to
arflow from natura ventilation. Assuming the heat loss coefficients of the rooms with and
without the double skin are the same.

According to the measured natural air temperature t, i.e. when Qe IS zero, according to
Equation (4-6), the heat gain in the room with double skin can be expressed by Equation (4-8):

anin,ds :W(tna - to) (4"8)

If the heat gain in room without double skin has a relationship that Qgain=Nn% Quingds ,
therefore the ratio of heating load in room with and without dbuble skin can be expressed by
Equation (4-9):

Qheat,ds _ W(trm - t0) - anin,ds _ W(trm - tna) _ trm - tna
Qheat VV(trm - t0) - anin W(trm - tO) - W(tna - to)n% trm - t0 - (tna - to)n%
(4-9)
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Therefore the energy conservation for heating in SOHO (1F) and Living room (2F) can
be caculated by Equation @-9). Here the heat gain in rooms without double skin is set to be
50% of that with double skin, and the air conditioning temperature is set to be 22°C. The

comparison results are shown in Fig.4-25 and Fig.4-26.

Ratio T(
70% 35
Energy conservation rati0|
60% [ 30
50%) | . . o e % 0-0-0- g0 A . n 25
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4% | a {20
W% [T = ‘ Al A 115
20% | SOHO natural temp. 1 10
10% Outdoor temp. 15
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Fig. 4-25. The ratio of Energy conservation for heating in 1F SOHO room in the daytime
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Fig. 4-26. Theratio of energy conservation for heating in 2F Living room in the evening
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Compared with the conventional residential house, the SOHO room has an average cut of
31% from 9:00 to 18:00, while the Living room has a cut of about 47% during evening. As is
shown in Fig.4-24, the natural temperature in the living room is over 20°C in the afternoon
when it is cloudy, which means heating is not necessary. According to the measured data in Dec.
2001, and Feb. 2002, the number of hours with temperature over 20°C accounts for 29.3% of
the total hours from 9:00 to 18:00 (Fig.4-27).

Ratio 100%
Free 25.2%
33.3% heating =70
8% A hours
60%
40%
20%
0%
Dec. Feb.

Fig. 4-27. Free heating hours in 2F Living room from 9:00 to 18:00 in winter

4.3.3.3. Thermal capacity

Asisshown in Fig.4-24, dl the temperatures go down gradudly in the afternoon. If 14:00
on Feb. 6 is set to be the zero point, and the variation of temperatures in the later 10 hours can
be illustrated in Fig.4-28 (a). According to the temperature variation calculated, the air in the
double skin has the biggest decreasing speed, about 1.6 to 2.4°C in an hour, then the living room
comes to the next of about 1.4°C per hour, and the smallest is in SOHO of 0.5°C per hour
(Fig.4-28b). Because SOHO has more furniture and books than the other places, its thermal
capacity is the largest, while the living room has less, and there is dmost nothing in the double
skin gpace. This shows that more furniture, bookcases or other tings with large thermal capacity
will be helpful for thermal storage, and this will leave more energy saving.

According to the experiment, if the interior curtains in the living room and SOHO are
closed down after 16:00, the speed of temperature decrease in the living room can be dowed
down. This shows another way for energy saving in the double skin space, the heat 1oss can also

be cut down with the interior curtains.
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Fig. 4-28. Temperature variation at different places in an hour

4.4.Subjective experiments

4.4.1. Outline of subjectiveexperiment

According to the above field experiments, thermal comfort can be redlized in the rooms,
as well as the occupancy health and energy conservation by controlling the openings of double
skin space, sunshades according to the different climate conditions. As to the occupants, what
would they assess the indoor environment with controlling of the double skin system? Therefore
the subjective experiments are conducted in the autumn.

In this subjective experiment, subjects stay 24 hours (from 14:00 to the next 14:00) in the
later autumn. A subjective questionnaire is carried out, when the subjects adjust the double skin
systems, such as windows, shading and ventilation to realize therma comfort according to their
own wills. All together there are 43 subjects, and most of them are college studentsin the age of
twenty to thirty.

4.4.2. Resultsof subjective experiment
4.4.2.1. Thermal comfort

The indoor temperature and climate conditions from Nov.6 to 22 are shown in Fig.4-29.

According to the adjustment of the subjects, the indoor temperatures are controlled. For
example, the maximum of temperature in the living room reaches near 30°C on Nov. 8 without
any controlling, but it is decreased 2-5°C after controlling the sunshades and ventilation

openings in the double skin space in the other experiment time.
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Fig. 4-29. Temperature distribution and climate conditions in the subjective experiment in
November 6 to 22

From the PMV didtribution in the living room, it can also be seen that the indoor thermal
comfort can be improved by active controlling (Fig.4-30). It should be noted that it becomes

cold at night without heating.
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Fig. 4-30. PMV in the middle of Living room in the subjective experiment (Nov. 6 to 22)
The subjective experiment shows that with the active controlling over the double skin
system, the occupants can redize therma comfort inside the room according to their own

requirements. Their assessment of controlling the double skin system is explained in the
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following part.
4.4.2.2. Assessment of using double skin system

The subjective assessment of using double skin system is analyzed according to the
results of vote shown in Fig.4-31. Although most of them are very young (in the early 20s), few
feds it is inconvenient to control the shadings, windows or opening to achieve thermal comfort
by hand.

About 48% think automatic windows are not necessary in residential houses, and they can
open the windows when they needs. While 30% think automatic openings are not necessary. But
44% think automatic sun shadings are necessary, because the window ratio in the living room
and SOHO is very large above 90%. In general, among the 43 subjects, 64% think the double
skin system has good effect on thermal comfort and energy conservation by active ventilation
and passive methods, and about 56% have new understanding for environmenta control by
using this system.

From the above analysis, it can be seen that most people have good assessment on
environmental control. Corresponding to the new lifestyle and own requirement, people want to
control the indoor environment freely. At the same time, they pay much attention on energy
conservation. It shows that the occupants would be willing to use the passive systems (such as
the double skin) to control the indoor environment by themselves, not by those uncontrollable

air conditioners. The passive systems show good promise in future.
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Fig. 4-31. Results of subjective vote on the controlling in the double skin
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4.5.Summary and Conclusion

According to the field experiment and subjective experiment in 2001, which has good
accordance with the simulation results in Chapter 3, the effectiveness of double skin system in
residential house is further confirmed.

During the summer when sunlight is very strong, Mode 1, i.e. natural ventilation + sun
shading is recommended; while the closed mode is not recommended. According to the
temperature difference in the vertical direction, nearly 10% of the total solar radiation in the
south direction can be exhausted effectively with the buoyant force. Therefore it will lead to a
cut of about 15-20% in cooling load in the 1F SOHO room in the daytime, and about 8% in the
2F Living room during the nighttime.

During the autumn when sunlight is very strong, the mode of natura ventilation + sun
shading is recommended, sometimes the sun shading is also needed for overheating. By opening
the windows the thermal comfort will be greatly improved when the outside air is available for
free cooling. On the other hand, when it turns to be cold, the completely closed mode is
recommended, as the indoor temperature can be increased 5-12°C compared with the outside air.
This shows that the hybrid ventilation leads to more energy saving during the intermediate
Seasons.

By the natural ventilation, the air change rate reaches 1.5 per hours. The concentration of
VOC emissionsis quite low after it has been used for half ayear. And this shows that the indoor
ar quality is quite good.

During the winter, the completely closed mode is recommended, as the more sunlight can
be introduced into the rooms, the natura room temperature can be increased greetly. In the
afternoon the temperature in the 2F living exceeds 20°C when it is cloud outside, and there is no
need for heating. The heating load in the 1F SOHO room has an average conservation ratio of
about 31% in the daytime, while it has a conservation of about 47% in the 2F Living room from
19:00 to 22:00. The ratio of free heating hour accounts for nearly 30% from 9:00 to 18:00 in the
2F Living room.

As there is little furniture, the therma capacity of the living room is quite smdll, the
temperature drop is 1.4°C per hour, while it is about 0.5°C per hour in the SOHO room, because
of more furniture and books. The free heating time will be extended if the therma capacity is
increased.

According  the subjective experiment on the operation of the double skin system in
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autumn, athough the subjects are young, few fed it is inconvenient to control the shadings,
windows or opening to achieve thermal comfort by hand. About 64% people think the double
skin system has good effect on thermal comfort and energy conservation by active ventilation
and passive methods, and about 56% subjects have new understanding for environmental

control by using this system. It shows that the occupants would be willing to use the passive
systems (such as the double skin) to control the indoor environment by themselves, not by those

uncontrollable air conditioners. The passive systems show good promise in future.
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CHAPTER S5
EVALUATION OF DISPLACEMENT VENTILATION SYSTEM IN A
RESIDENTIAL ROOM BY CFD SIMULATION

As for a resdential housg, it is well known that temperature dratification system for
heating, such as the floor heating system, has good effect on thermal comfort for occupants. But
the temperature stratification system for cooling, such as the displacement ventilation system,
has few installations in residential houses so far, because the height of ceiling is lower than that
in office buildings or large space buildings.

The basic consideration of displacement system is supplying conditioned air directly to
the occupant zone, while those places not for occupancy, will not be specialy supplied air
directly, and the exhaust outlet on the ceiling will aso discharge some convection heat from
lights. From the point of view in energy conservation, this system is more reasonable for air
diffuson in an active air conditioning system. Besides, it can provide a better indoor
environment, as the pollutants from human will be discharged by the buoyancy effects. And the
polluted air will not be circulated in the occupant zone.

In order to evaluate its effectiveness for residentia houses, in this chapter, CFD
simulations on the displacement ventilation system and the conventional mixing ventilation
system are carried out, and compared their differences in the respects of thermal comfort, air
change efficiency, and cooling load. The elements of displacement ventilation, such as air
change rate, the position of air inlet/outlet, and diffuser characteristics are discussed. The energy

consumption and thermal comfort for the displacement system and mixing system are eval uated.

5.1.0utline of displacement ventilation and mixing ventilation system

5.1.1. Sketch of thesetwo systems

In the displacement ventilation (Fig.5-1), which intends to only cool the occupied zone,
the supply diffuser is set near the floor, and the outlet of return air is at the high part of the room,
while the exhaust outlet is on the ceiling. Therefore, the air temperature is expected to be
stratified in the vertical direction by the force of buoyancy, while the air above the occupied
zone will be kept at arather high temperature.

But in the mixing ventilation (Fig.5-2), the cold air is supplied from near the celling, and



the outlet is set near the floor, which intends to cool the whole room.

Here a micro model made by CFD software is used to predict the airflow and temperature
distribution for these two systems. The energy consumption for cooling is calculated according
to the equations of energy balance, and the PMV distribution is dso calculated to evauate the

thermal environment.
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SA: Supply Air; RA: Return Air; OA: Outside Air; EA: Exhaust Air; CWi/o: cold water infout
g: Heat convection ; QcL: Cooling load of Airhandling unit
Fig.5-1. Sketch of the displacement ventilation system
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Fig.5-2. Sketch of the mixing ventilation system
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5.1.2. Differencein design
Compared with the conventiona system, the proposed system has the following features,
asarelisted in Table 5-1.

Table51. Comparison of difference in design between the displacement ventilation
system and the mixing ventilation system

Features Systen]  Displacement Ventilation Mixing ventilation

Air conditioning mode All air system All air /water -air/Refrigerant

Air conditioning area Occupied zone only Whole room
Temperature difference* 4-5°C 8-15°C

Usually in the occupied zone
Position of exhaust air Near the ceiling y P
or no exhaust

Outside Air With outside air With/without outside air
2-3 times larger Possibility of refrigerant leakage for
Others . .
air flow rate the refrigerant mode

Note: * refersto temperature difference between supply air and the air at the occupied zone, and
thistableis revised according the report of Ikeda, K. (1996)

If the conventional room air conditioner is used, there is no introduction of outside air. As
using the displacement system, the smaller temperature difference between supply air and room
air is, the larger the airflow rate is needed.

According to the design conditions, the displacement ventilation system is available for
residential houses, and the effect on thermal comfort and energy consumption is discussed by

CFD simulation in the following part.

5.2.Description of the simulation model

5.2.1. Micro-model

Compared with the indoor zero equation model presented by Chen (1998), anunsteady
standard k-e model has been adopted. By solving the transport equations of mass, momentum,
energy, turbulent kinetic energy and turbulent dissipation rate, which are listed in the following

part, the distribution of air temperature and airflow in the room can be predicted.

The mass conservation equation
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U _ g (5-1)

X

where  ; isthe velocity component in the x; direction.

Momentum equations

i(ru,) +‘H(r uu,) o, 1 fu , W, )
T brg,(T,- T 5.2

where p is static pressure, r is ar density, g; is gravitationa body force in direction i; b is
therma expansion coefficient of air, T, is outdoor temperature (for reference), and T is ar

temperature; my; is effective viscosity, which is given by

My =M+ m (53
and
2
m =rC, k? (549

where p s viscosity; C isaconstant, i.e. 0.09, k ande are given in Equations (5-6) and (5-7).
Energy conservation equation

—(rT) —(ruT)-—(k+K)—+i (55

11x; x C,

where q is heat source; and k is the molecular conductivity, and k; is the conductivity due to
turbulent transport (k, =C,m /Pr, ), Pr¢ isthe turbulent Prandtl number.

The turbulent kinetic energy

Dk _ ‘ﬂeeeﬂﬂ

u+tG, +G,- re (5-6)
Dt ﬂ)ﬂ kﬂﬂxlu ‘ i

The rate of dissipation
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De 1 e e?
r?t_‘ﬂxi[( Se) ]+C (G +C3Gy) - Coel — ” (57)

where C, is144; C,, is1.92;,C is0.09ands  islO0ands, is 13.

5.2.2. Calculation for energy consumption
Asit is known that the cooling load of an air conditioning system can be derived from the

following equation:

Q, =m,h, +m,h, - m_h (5-8)

ra’ ra 0oa’ 'oa sa’ sa

where Qq is cooling load of AHU(w); m, m,, and m,, ae ar flow of SA, RA and OA
respectively (kg/s); has, hva, and hg, are enthalpy of SA, RA and OA respectively (Jkg).

The energy balance of the air in the whole room, can be expressed as:

qperson + qappliance+ qlight + qw + qfloor + qceiling = mrahra + m h sahsa (5_9)

Where Qperson, Jappliance @Nd Gigne r€fer to heat convection from person, appliance, and light in the
room (W), and he, is the enthalpy of exhaust air; Qw, Gueiing 8Nd Qnoor refer to heat convection
from wall, ceiling and floor, which can be calculated by Equations (5-10)-(5-12):

Owai = acwall é. (Twall - Tawall,\ )ANaII,i (5'10)
i=1
qceiling Cesiling a (Tcelllng Acgiling )Abellmgl (5']-1-)
qﬂoor =a Ciioor é (Tﬂoor - -I-aﬂomI )Aﬂoor,i (5'12)
i=1

where a. is coefficient of heat convection; Ayaii, Aiingi aNd Aqeor, refer to Area of a surface at

the mesh i respectively (n); Twan, Teeiting @d Troor refer to temperature of wall, ceiling and floor
(°C); Toi» To; @d T, refer toair temperature near wall, ceiling and floor of mesh i; i is mesh

number near waII, celllng or floor settled in the smulation.
From the above equations, the difference of cooling load for the displacement system and

the mixing system is expressed by Equation (5-13):
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ch m - Qd,d = I:1:1wall + I:xlceiling + I:x‘floor +meaDhea (5_13)

where the subscripts mand d refer to mixing system and displacement system respectively.
If the temperatures of the envelope (such as wall, ceiling) are assumed same for the two

systems, the items at the right side of Equations (5-14)-(5-17) can be written as:

quall :acWa”é. (TV\fcl,di - Twa,m)A/vaII,i (5'14)
i=1
cheiling :accemngé. (Tca,d‘ - Tca,mi )A\:eilingi (5'15)
i=1
Dqfloor :acﬂomé. (Tfa,di - Tfa,m )Afloor,i (5'16)
i=1
meamea = mea(hea,d - hea,m) (517)

It is obvious that the difference of cooling load for the two systems depends mainly on

their air temperature distribution.

5.3.Evaluation of thermal comfort in the occupied zone

5.3.1. Evaluation Parameters
As the temperature stratification occurs in the displacement ventilation, and its effect on

thermal comfort should be paid enough attention.
5.3.1.1. Stratification in temperature

The temperature in stratification at the height H is expressed by Equations (5-18)-(5-19):

Dt,, -2 \/i 3 (Dt - DX)? * 100% (5-18)
Dt\n-1%

Dt =t, - t, (519
where t; is air temperature at point i; ts is air temperature at the air inlet; Dt is the deviation
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of temperature difference between t and tg; n is the temperature points at a certain height.
If Dtg, is smaler, it means that the temperatures at that height are more uniformly

distributed. Because the ankle and the face are more sensitive to air distribution, the temperature
deviation should be small.

5.3.1.2. Temperature gradient

The temperature gradient in the occupied zone is expressed by Equation (5-20)

DT = (Tian- Tosn) 117 (5-20)

where Tigy IS the ar temperature at the height of 1.8m above the floor; To1nm IS the ar
temperature at the height of 0.1m.

According to the standard of 1SO7730, the temperature gradient is recommended within
3°C/m (Olesen, W. B. 2000).

5.3.1.3. Velocity distribution

According to the air \eocity distribution, the turbulence intensity in the room can be

given by Equation (5-21),

1/ 1 &
T == [—3q (v - V)*  100% 521
u v\/n-1§1(' ) 0 (5-21)

where V isthe average air velocity; V, isthe velocity at point i; n is the point number.

Furthermore, the air velocity can lead to draft sensation, and the draft model, which is
included in 1SO 7730, can be expressed as Equation (5-22):

DR =[(34- t,)(V- 0.05)°%?](0.37VT, +3.14) (5-22)

where DR is draft rating, i.e. the percentage of people dissatisfied due to draft; t, is local air
temperature (°C).

5.3.1.4. PMYV distribution

PMYV in the occupied zone is calculated according to the 1SO7730, which is the function

of air velocity, temperature, relative humidity, radiation temperature, human metabolic rate and
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clothing value. The recommended range of PMV isfrom -0.5 to 0.5.
5.3.1.5. Ventilation effectiveness

For an air distribution system, its ability to remove pollutants in arroom can be expressed
as the ventilation effectiveness G,, which can be caculated by Equation (5-23)

C, =t It (5-29)

wheret .4 is the average length of time that supply air has been in the room, i.e. average age of

ar, whilet , is the nomina time constant, which is given by Equation (5-24)

/m

sa

t, =V

room

(5-24)

where V,om IS the volume of the room, and the leakage of supply air is neglected in the above
equation. In fact, Equation (5-24) isthe reciproca of air change rate.

For atotally mixing ventilation system, the average age of air is equal to the nominal time
constant t,, i.e. the average ventilation effectiveness is 1. For a piston-type displacement
ventilation, which means no mixing of the room air and only occurs in an idea displacement
flow, and the average age of air is half of the nominal time constant, thus the average ventilation
effectivenessis 2 (Matsumoto, H. 2002).

As ar mixing occurs in a practical displacement ventilation system, the average

ventilation effectivenessisin the range of 1 to 2.

5.3.2. Casestudy
5.3.2.1. Evaluation tool

The above parameters can be got by dissolving Equations (5-1) to (5-7), and the CFD soft
Airpak2.0 is dso used in this study to predict the temperature distribution, airflow, PMV and

ventilation effectiveness.
5.3.2.2. Study object

The smulation is carried out in a room (L4.41mxW3.8mxH2.4m) with the volume of
40m®, and the detal layout is shown in Fig.5-3. There are two computers, two desks, one
bookcase and gx lights in the room, and the situation of partitions has aso been considered. As
the temperature difference between the air inlet and the occupied zone is usually smaller than
4-5°C (Table 51), here the temperature of supply air is set to be 22°C. Considering that the
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low-temperature supply air can be used in the displacement system, some of the room air is

induced into the fan unit, thus to make sure of the supply air temperature.

Air Outlet

Ceiling
North wall

%\lj Pill ar

|
Return air

East wall
Exhaus air

[nduced

@) =4.41m

Y =2.4m
¢ O/ Z=3.8m
Fan unit . ’5‘%“}] s

| nduced 3 El\/
Airinlet x )/u -
| |

Double sliging door

NN
"

Fig.5-3. Layout of the SOHO with displacement ventilation system

South wall

For a displacement ventilation system, the air change rate, air outlet position, swinging
louvers in the air inlet are the representative factors which affect the air distribution, thermal
comfort in the room, as well as the energy consumption of the whole system, the following
cases shown in Table 5-2 are studied by the means of CFD simulation.

Cases with different air change rates
Cases 1 to 5 are the displacement ventilation systems al with supply air at 22°C, and the
air change rate from 5 per hour to 15 per hour.
In Cases 1 to 5, the airflow rate changes from 5 per hour to 15 per hour, while the outlets
aredl at 1.8m. The area of air inlet is 0.18m? (length 0.6m and width 0.3m), while the outlet of
return air is 0.06m* (length 0.6m and width 0.1m), and the outlet of induced air is 0.09m’
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(length 0.6m and width 0.15m).

The outlet is set on the celling of 2.4m in Case 6, while it is at the height of 1.8m in Case

Cases with different heights for outlet of return air and induced air

3. And the air change rate keeps the same in these two cases.

Cases 7 to 10 are studied to make sure of the function of louvers shown in Hg.54 ina
room with partitions. The partitions are in the middle of the room with the height of 1.4m. Case

7 has swinging louvers, which can swing in the Y direction with a cycle of 40s, and it aso has

Cases with partitions and swinging louvers

partitions in the room. Case 8 has neither swinging louvers nor partitions, and Case 9 has no

swinging louvers but partitions.

Table52. Description of cases for smulation

Air changg Supply air Air velocity Height Louvers [  Withor
Case Rate Temp. Inlet Outlet | Induce |Outlet | Inlet Swing Without
No. N ts Vinetxo | Vouttet, yo | Vinducexo | Zoutiet | Zintet or not Partition
(h™) (°O) (m/s) (m) | (m)
1 5 22 0.33 0.5 -0.25 | 1.8 0.3 Yes No
2 7.5 22 0.50 0.75 -0.38 | 1.8 0.3 Yes No
3 10 22 0.65 1 -0.5 1.8 0.3 Yes No
4 12 22 0.78 1.2 -0.78 | 1.8 0.3 Yes No
5 15 22 0.98 15 -098 | 1.8 0.3 Yes No
6 10 22 0.65 1 -0.5 2.4 0.3 Yes No
7 10 20 0.65 1 -0.5 1.8 0.3 No No
8 10 22 0.65 1 -0.5 1.8 0.3 Yes Yes
9 10 22 0.65 1 -0.5 1.8 0.3 No Yes
10 5 n 2.5 1 - 0.1 2.3 Yes -

Note: The height of outlet/inlet refers to the height from the floor to the center; Viqexo IS
velocity in X direction at the air inlet; Vouet, yo IS vVElOCity in Y direction at the outlet of return

air; and Vinauexo 1S Velocity in X direction at the outlet of induced air.
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In order to keep constant supply airflow at the air inlet, the velocity in the X direction is
set to be constant, while the velocity in the Y direction is assumed to be the function of V,. And
the velocities can be expressed by Equation (5-25)

]- Vx :Vinlet, x0

| i
iV =Vineo|Sn(t/40)| (5-25)
fv, =0

where t refers to the time (), and Viyexo IS listed in Table 5-2, thus the flow direction of supply

air can be changed frequently.
. Ve
Flow direction changed <---
! | i
Wy !
- | Diffuser
) N AN : \ . —
AN N N I N
N N \'\ N \. N\, f
\ AN N N \ NG \,
! \ i
Louver

Fig.54. lllustration of the swinging louvers at the diffuser of air inlet

Reference Case 10
Case 10 isthe mixing ventilation system, which serves as areference case. The cold air is

supplied from near the celling (at the height of 2.3m), while the return air and exhaust air is
discharged near the floor (at the height of 0.1m). And the supply air is at 11°C, which means
that the temperature difference between supply air and room air is 15°C.

The outlets of exhaust air are set on the ceiling with area of 0.01m* (both length and
width are 0.1m) in al the cases, except it is set near the floor with area of 0.03 nf in Case 10.

5.3.2.3. Boundary conditions and initial conditions

Boundary conditions
The fixed velocity and temperature are set at the air inlet and outlets, while the static
pressure at the exhaust outlet is set as the same with ambient. The fixed temperature is also set

on different walls, as well as the floor and the ceiling. The computers and lights are set with

fixed heat release.
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As the flow at the air inlet is assumed to be fully developed, the turbulent intensity |y,
(Schlichting, H. 1979) at the air inlet is given by Equation (5-26)

_ \/1/3(u_d?+vT?+wT?)
tur T Vv

avg

(5-26)

where V.4 is the average velocity, and u’, V', W is the fluctuation of velocity in X, Y, Z

direction. And the intensity in one direction can be expressed:

v

i,avg

(527)

tur,

where the fluctuation of the velocity fluctuation is expressed by
Ve=v - ¥ (529)

wherev; refers to the velocity in i direction, \7, is its average value.

According to Equations (5-26)-(5-28), the calculation of the turbulent intensity Iy, ina
cycleislisgted in Table 5-3, and the time step is 5s.

Table 5-3. Caculation of the turbulent intensity Iy, inacycle

t (s) V, (m/s) V, (m/s) V, (m/s) V (m/s)
0 1 0 0 1
5 1 0.382683 0 1.070722
10 1 0.707107 0 1.224745
15 1 0.92388 0 1.361453
20 1 1 0 1.414214
25 1 0.92388 0 1.361453
30 1 0.707107 0 1.224745
35 1 0.382683 0 1.070722
Average V, 1 0.628417 0 1.216007
Vdocity fluctuation vi(E 0 0.105092 0 R
it 0 0.515864 0 0.153917"
Turbulent intensity adopted (0.515864+0.153917)/2=0.334891

Note: during calculation V is taken as 1m/s, * is cdculated by Equation (5-26), and ** is
caculated by Equation (5-27).



Here the average of the turbulent value in Y direction and the turbulent value from
velocity V is taken to be the turbulence intendity, i.e. the turbulence intensity is 0.335, which is
approximated to be 0.35 in simulation.

And the turbulent length scale Ly, is given by Nikuradses formula (Schlichting, H. 1979)

L, /R=0.14- 0.08(1- y/R)?- 0.06(1- y/R)* (5-29)

where R is the hydraulic radius, v is the distance. The maximum of L,/R is 0.14, thus an

approximate relationship is

L, =0.07D, (5-30)

where Dy, is the hydraulic diameter. In the above case, D, of the air inlet is 0.4m, and the shortest
sde of the air inlet is 0.3m, thus Equation (5-24) can be written into

Lo =0.2L,, 4 (5-31)

Therefore L, is0.03, 10% of the width of the air inlet.

Asthe fixed temperatures for the inner surfaces of the room are set, the radiation between
surfaces is neglected during computation.

The boundary conditions (temperature and heat release) are detailed in Table 54, in
which the wall temperature variation in different cases is neglected, and the heat release is dso
set to be the same with al the cases.

Table54. Details of boundary conditions

Item Boundary conditions
East wall t=29.6°C

West wall t=28.3°C

North wall t=28.5°C

South glass t=30.8°C

Ceiling t=30.6°C

Floor t=28°C

Computer Heat release=200Wx 2
Light Heat release=25Wx 6
Person 100 W (Sensible heat of two persons)
Exhaust outlet Static pressure=Ambient

Note: the temperature is given by the field experiment in Chapter 6.
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As the temperatures of different interior surfaces are set to be constant, the heat fluxes
from different surfaces are calculated by using the convective heat transfer coefficient. The heat
transfer at the boundary surfaces is calculated with using a convective heat transfer coefficient

(Fluent, Inc. 2001) asfollows:

_ rreffcp
h=—2" (5-32)
Preg DX

where C, is the specific heat of air, Pre; is the effective Prandtl number, and Dx; is the grid
gpacing adjacent to the wall and my; is the effective viscosity. Therefore the heat flux from the

different surfaces can be calcul ated:

q= h(Ts - ij) (5'33)

where T; is the surface temperature, T, is the temperature at the grid x;.

Initial conditions
It is assumed that the air temperature in the room is uniformly distributed before air
conditioning, and the initial temperature is set to be the same as the ambient air. It is set to be
30.5°C in this study.

5.3.2.4. Mesh setting

Airpak automates the mesh generation, but allows to customize the meshing parameters
thus to refine the mesh.

Hexahedral mesh is used in this study. Generaly, the maximum size of mesh is
0.5m" 0.5m" 0.5m, and the maximum size ratio is 2. The meshes near wall and objects, such as
computers, desks, and so on, are refined with the element height of 0.1m, while they are refined
to 0.05m in height near the air inlet or outlet.

The total number of meshes in the room reaches 106736, and the mesh section at X=1.8m,
X=3.6m and Y=1.8m are shown in Fig.5-5.

5.3.2.5. Transient smulation

Transient smulation is carried out for different cases.
Time starts at Os and ends at 2000 to 2400s, with the time increment of 5s for each step.
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5.3.2.6. Under-relaxation factors

The iterations for each time step is 20, and the values of the under-relaxation factor for
each of Equations (5-1)-(5-7) are detailed in Table 5-5.

As the pressure under-relaxation factor is 0.3 in the above table, this means that the
change in pressure from one iteration to the next will be restricted to 30% of the difference

between the initial value and the newly calculated value.

z
Y
X
Fig.5-5. Profile of mesh in the room without partitions
Table 5-5.Under-relaxation factors for equations
Under-relaxation factor Vaues
Pressure 0.3
Momentum 0.3
Temperature 0.75
Viscosity 0.75
Body forces 0.075
Turbulent kinetic energy 0.4
Turbulent dissipation rate 0.4

-125-



5.4.Simulation result

54.1. Timetotemperature balance
Simulation results in Fig.5-6 and Fig.5-7 show that the temperature varies from the initial

time until it reaches the balance state for both the displacement ventilation and mixing system.

33
: o | ——>—— DisL.7m
g 31 —#—— Disl.1m
|9 S
30
29
28
27 .
26 | sttt et
=1 s oo
24 o
23
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Time (s)
Fig.5-6. Temperature vary with time for displacement ventilation
a Cord 5 X=2.7m, Y=1.8m (Case 5)
- mixL.7m |
- Bt mixl.lmi
;é‘; ----- R m ixO.6m§
T2t BRI T mix0.Am,
27 t \t\'b”“‘\(\\\\%**"x*V N T o e
B NGO - ~ \)@()
N =~ S|
2 TR RS
25 ' ”
24
23
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Fig.5-7. Temperature vary with time for mixing ventilation
a Cord 5 X=2.7m, Y=1.8m (Case 10)

It takes about 1400 to 1600 seconds for both of the systems to reach their balance. It can
be seen that the air temperature in the displacement ventilation system is stratified with height.
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For example, it is about 24°C a 0.1m, 26°C at 1.1m and 28°C at 1.7m. But the air temperature
is relatively uniformed distributed in the mixing ventilation system, which is in the range of
26-27°C from 0.1m to 1.7m. Furthermore, in the displacement system, the temperature balance
in the higher places will take more time, while it takes amost the same time at different heights
in the mixed ventilation system.

As for the other displacement cases, the figure of temperature variation with time is
similar to Fig.5-6. Time to temperature balance depends on the airflow rate. The smdler the air
change rate is, the longer the time to be stable. For Case 1 when the air change rate is 5 per hour,
it takes about 2000s to reach the balance state, which is the longest in Cases 1 to 5.

It should be pointed out that the time to balance is affected by the under-relaxation factors
listed in Table 5-5. For example, if the factor of momentum is 0.7, temperature and viscosity 1.0,
body forces 0.1, and others 0.5, the time to balance will be decreased to 600 seconds. The bigger
the under-relaxation factors, the shorter the time to balance, but this may lead to divergence in

caculation in some cases.

5.4.2. Effect of air changerate
5.4.2.1. Temperaturedigtribution and temperaturegradient

Temperature distribution

The air temperature is stratified in Z direction when the air reaches its balance state, and
Fig.5-8 shows that the air temperature distribution at the middle of the room (Y=1.8m) for
Cases 1 to 5, and Case 10. The temperature distribution for all the displacement systemsis quite
similar, the lower the height, the lower the air temperature. The temperature difference near the
floor and below the ceiling reaches about 6°C, and the temperature stratification is confirmed.
When the air change rate increases, the average temperature in the occupied zone goes down
dowly.

On the other hand, the air temperature difference is within 22°C in Z direction in the
mixing ventilation system (Case 10), which means that the air temperature is uniformly
distributed in the mixing ventilation system.

For example, the temperatures at different heights for Case 3 are shown in Fig.5-9, and
the average temperature a height of 0.1m is 25.2°C, 0.6m 25.9°C, and 1.1m 26.5°C, while it is
about 28.5°C at the height of 1.7m.
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Fig.5-8. Temperature distribution in displacement ventilation and mixing ventilation
system (Cases 1 to 5, and 10)
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Fig.5-9. Temperature digtribution at different heights for Case 3

According to the above results and Equation (5-18), the temperature difference between
the supply air and the temperature deviation at different horizontal surfaces of Cases1to 5 is

shown in Fig.5-10. Air change rate has little effect on temperature distribution for places under

the height of 0.6m in the occupied zone (0.2m<X<4.2m and 1m<Y<3m), while it has great

effect on temperature in those higher places. For example, the temperature difference goes down

from &@C to 4°C at the height of 1.7m, while the temperature deviation increases from 2% to

13%, if the air change rate increases from 5 per hour to 15 per hour. But the temperature seems

to be congtant at the height of 0.1m.
It should be pointed out that the temperature deviation below 0.6m is quite big, over 30%,

because of the swinging louvers, and for the places near the ceiling at the height of 2.3m, the air
temperature is effect by the heat release from the lighting, especialy near the lights, thus the

temperature deviation aso becomes big.
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Temperature gradient

As the temperature is assumed to be uniform before air conditioning, the temperature
gradient becomes greater with the time going. When the air distribution becomes stable, the
comparison of the temperature gradient for displacement ventilation and mixing ventilation is
shown in Fig.5-11. The temperature difference between 0.1m and 1.1m is within 2°C in most
occupied zone, while it isover 3°C near the air inlet (X=0.9m and Z=0.9m) in Case 3.

On the contrary, the temperature gradient remains to be smaller than 0.3°C/m in the
mixing ventilation (Case 10), which shows that the air is uniformly distributed.

As for the displacement ventilation, with the increase of air change rate, the temperature
difference between the higher places and the lower places decrease, as is shown in Fig.5-12a
The average temperature gradient between 0.1m and 2m is 7.8°C for Case 2 (n=7.5), while it is
3.7°Cfor Case 5 (n=15).

The larger the air change rate is, the dope of the temperature profiles becomes smaller,
that is, the temperature gradient is smaler. For example, at the height of 1m, it drops from
4°C/m at the ar change rate of 5per hour to 1.7°C/m at the air change rate of 15 per hour
(Fig.5-12h).

According to the standard of 1SO7730, the recommended temperature gradient between
0.1m and 1.1m is within 3°C/m, which means that the air change rate is necessary to be more

than 8~9 per hour in this study (Fig.5-13).
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Fig.5-12. Temperature distribution with air change rate for displacement ventilation
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Fig.513. Recommended air change rate from temperature gradient

5.4.2.2. Velocity distribution

The velocity distribution at Z=0.3m of Cases 1 to 5 and Z=1.1m of Case 10 is shown in
Fig.5-14. As for the displacement cases, the velocity increases with the distance to the air inlet,
and the air in the occupied zone has smaller velocity, while it has a little bigger velocity in the
occupied zone for the mixing case, especialy near the desks.

From Case 1 to Case 4, the air velocity is below 0.3m/s in most occupied zone, while it is
faster than 0.4m/s near the air inlet. In Case 5, when the air change rate reaches 15 per hour, the
area with 0.3m/s velocity reaches up to the middle of the room, and this would bring some
unsatisfactory to the occupant.

As for the mixing ventilation, the air velocity is not quite so small around the desks at the
height of 1.1m.

Asit is known that the occupant is more sengitive to air velocity at the height of ankle of
0.1m, the draft at this height should be paid enough attention. According to temperature and
velocity didtribution in the main occupied zone (1.8m<x<4.2m, and 0.9m<z<3m), the
turbulence intensity and draft rating at 0.1m can be got by Equations (5-21) and (5-22). Fig.5-15
shows that the turbulence intensity and draft rating increase with air change rate, and the
intengity is in the range of 30-40%, while the draft rating is 10-20%. This confirms that the
percentage of dissatisfied due to draft isin proportional with the air change rate.
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5.4.2.3.PMYV distribution

According to the air temperature and velocity calculated, the PMV in the occupied zone
of Case 3is shown in Fig.5-16, where the clothing value is 0.5 clo, metabolic rate 1.2 met, and
the radiation temperature is assumed to be equa to the air temperature, while the relative
humidity is assumed to be 60%. Below the height of 1.5m, PMV is in the range of -0.5to 0.5,
athough it is 1.0 at the height of 1.8m, it has little effect on a sitting occupant at the height of
1.1m.

Fig.5-17 shows that with the increase of the air change rate, the comfortable area will be
extended. For example, PMV is smaller than 0.5 under the height of 0.9m when n is5 per hour,
but it will be extended till the height of 1.6m when n increases to 15 per hour.

It can be seen that the air change rate above 10 will lead to a better therma environment
in this study.

5.4.2.4. Age of air and air change effectiveness

Distribution of local mean age of air t at the section of at Y=1.8m for Case 3isshownin
Fig.5-18, it is about 200-300s in the occupied zone, while it is 350s to 400s in the high places

near the return area. The average age of air t in the whole room is about 272s. The nomina time

constant (=room volume/supply airflow rate) is 30s when the air change rate is 10 per hour,
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thus the average air change efficiency is about 1.3.
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Fig.5-17. PMV distribution with air change rate
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Compared with the air exchange effectiveness of the mixing system, the efficiency of

displacement system is about 30% higher. Asfor the other cases, there are smilar results.

5.4.2.5. Energy consumption

According to the temperature of return air and supply air from smulation, the sensible

cooling load for different cases can be got from Equation (5-34).

- GCmsa(trm - ts)
Ay

ds (5-34)

where Ay isthe floor area.

Here the sensible heat removed by the exhaust air is neglected, as the flow rate of exhaust
air is small, and the temperature of the outside air is assumed to be the same with the return air.
Obvioudly, the energy consumption increases with the air change rate with a same temperature
of supply air in Fig.5-19. When the air change rate increases 1 per hour in this study, the cooling
load will increase at about 2.6W/nT.
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Fig.519. Air conditioning load with air change rate

5.4.3. Effect of position of air inlet and outlet

5.4.3.1. Temperature distribution

When the position of the outlet of return air is changed, the temperature distribution will
be changed accordingly. In Case 6 the air outlet is set on the ceiling, athough the stratification
of air temperaturesis similar to that in Case 3, it isalittle higher than Case 3 under 1.4m while
itisalittle colder at higher places (Fig.5-20). This is because that the outlet is at the ceiling, and
the cool current may reach the high places.

Compared with the displacement system, the temperature is uniformly distributed in Case
10 by the mixing ventilation. The temperature gradient in Case 10 is less than 1°C/m, while it is

about 2.5°C/m in the displacement system.
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Fig.520. Comparison of temperature distribution for the displacement ventilation
systems (Cases 3 and 6) and the mixing ventilation system (Case 10)

5.4.3.2. PMV distribution

The PMV distribution for these 3 cases is shown in Fig.5-21, and the conditions are the
same with previous.

PMV 2.0

Case3

15
Caseb

1.0
Case10

05

0.0

05 ' ' '
0 05 1 15 2 24

- Z(m)

Fig.521. Comparison of PMV distribution for the displacement ventilation systems
(Cases 3 and 6) and the mixing ventilation system (Case 10)
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PMV is below 0.5 under the height of 1.5m in each case, which means they have smilar
therma comfort under 1.5m. But the PMV at higher places by the displacement ventilation isa
little bigger. And the position of return air for displacement system does not change the thermal
comfort so greatly for a sitting person, which is smilar to the temperature distribution. While
PMV isin the higher places will be alittle smaler. For example, PMV in Case 3 is 1.6 a 2m,
whileitis 1.2 in Case 6.

5.4.3.3. Cooling load

On the other hand, as the air change rate increases, the temperature distribution near the
surfaces of the envelope will be different and this will lead to different cooling load. Assuming
the envelopes have the same temperatures in different cases, the air near floor in Case 3 is the
lowest, so the heat convention from floor is the largest. But the air near the ceiling has a higher
average temperature, which will lead to smaller heat convection. As for the air temperature near
the walls becomes higher in the vertical direction, the heat flux of convection from the wall may
change with height.

Fig.5-22 shows the temperature difference at 0.1m and 2.3m of the displacement system
(Case 3) and the mixing system (Case 10) in X direction. Obvioudly, the temperature is higher in
Case 3 than Case 10, therefore the temperature difference is plus at the ceiling, which will lead
to energy saving for the displacement system. But the temperature difference is minus at the
floor, which means the displacement system will cost more energy near the floor.

Fig.5-23 shows the temperature at 0.1m near south glass in Z direction, and temperature
of Case 3 increases with the height, while there is only a smal increase in Case 10. Therefore
the temperature difference between Case 3 and Case 10 is minus in the lower places, while it is
plus in the higher places.

As the total area of “plus’ is larger than that of “minus’, the displacement system will
cost less energy than the mixing system.

By Equations (5-10)-(5-12), the detail composition of the cooling load for Case 3, Case 6
and Case 10 are shown in Fig.5-24. The convection heat transfer coefficient a of 4 W/nT isused
here, and the ratio of convection for the heat convection Qjignt, Qappliance @A Operson 1S 50% (Y an,
1986), and the heat sources from appliance, light and person are assumed fixed. As the different
temperature distribution will lead to different cooling load for the AHU, and the temperature
difference of exhaust and return is neglected because of the small flow rate of exhaust air during

caculation. From Fig.5-24, it can be seen that the load from the floor in the displacement
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system is about 5% to 8% greater than that in the mixing system, because of the cut-down from
celling and other walls, the cooling load of Case 3 is 2% lower than that o the mixing system
(Case 10), and Case 6 has about 2% cut-down. Among the 2% cut-down in Case 3, about
17% is attributed to the heat convection cut-down from the ceiling.

It can be concluded that if the ceiling has more cooling load, the energy saving by the

" displacement ventilation will increase.
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L ~——— Lead to
.~ energy saving for
— displacement system

+
28 | ——
Temperature near _@Ml ng)
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Fig.5-22. Temperature difference between displacement ventilation and mixing system
near the floor and ceiling in X direction
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Fig.5-23. Temperature difference between displacement ventilation and mixing system
near the south gassin Z direction
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Fig.5-24. Detail composition of cooling load for displacement ventilation (Case 3, Case 6)
and mixing system (Case 10)

5.4.4. Effect of swinging louver
As the louvers in the diffusers can swing in Y direction, this may aso affect the ar
distribution, velocity and therma comfort. In Cases 8 and 9, there are some partitions with the

height of 1.4m in the middle of the room.
5.4.4.1. Temperature distribution

Fig.5-25 shows the effect of swinging louvers on temperature distribution in a room with
or without partitions. Although the temperature in Case 7, which has no swing louvers, is alittle
higher than Case 3, which has swing louvers, there difference is only about 0.2°C, very small,
which means that the louvers are helpful air distribution but have little effect if there is no
partitions or barriers for airflow in the room.

But if there are some partitions in the room, thiswill lead to a great effect on temperature
digtribution. As the temperature in Case 9, which has no swing louvers, is nearly C higher
than that in Case 8. And the detail temperature distribution of these two cases is shown in
Fig.5-26. In Case 9, because the partitions obstruct airflow, if the airflow from the air inlet
cannot change direction frequently, the temperature will be less uniformly distributed under the
height of partitions, but there will be less effect for places above the partitions.
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At places above the height of partition, the temperature distributions of Case 8 and Case 9
aresimilar.

5.4.4.2. Velocity distribution

From the velocity distribution in Fig.5-27, it is easy to see the effect of partition.

Pillar Bookcase Desk Pillar Bookcase Desk

Inlet Desk Inlet Desk
(a) Case 8 air vel ocity at Z=0.1m (1300s) (b) Case 9 air velocity at Z=0.1m

Pillar Bookcase Desk Pillar Bookcase  Desk

Inlet Desk

(c) Case 8 air velocity at Z=0.1m (1200s) (d) Case 8 air velocity at Z=0.1m (1150s)

Fig.527. Vdocity distribution at 0.1m for Cases 8 and 9

In Case 9, the velocity is very big in the vertical direction of diffuser, and the area of
velocity exceeding 0.3m/s reaches the desk area. Flow direction is constant, which makes
people feel discomfort.

While it is small and have little effect on working area in Case 8, and the flow direction
changes frequently because of the swinging louvers. The comfort appraisement is only alittle
higher than those in Case 3. This shows that if there are partitions in the room, diffuser with
swinging louvers is recommended.

- 143 -



5.5.Summary and Conclusion

Although the height of ceiling in a residential room is lower, only 2.4m in our study, by
the means of CFD simulation, the displacement ventilation system for cooling is proved to be
effective for resdentiad house. Compared with the conventiona mixing system, the
characterigtics of therma comfort and cooling load of displacement system are anayzed, and
the effects of air change rate, height of air inlet/outlet, characteristic of diffuser, layout of room
for the displacement system are studied. The conclusions are as follows:

The displacement ventilation system can redlize therma comfort and better air change
effectiveness in the occupied zone, at the same time keeping the temperature gradient small, and
also the small draft rating, if being carefully designed. According to smulation, the air change
effectiveness of displacement ventilation is about 30% higher than the mixing system.

The ar change rate has a dgnificant effect on the thermal comfort and energy
consarvation in the displacement system. With the increase of air change rate, the thermal
comfort will be better, but this may lead to a litter large draft rating and more energy
consumption for cooling.

In this case, the air change rate of about 10-12 per hour will bring to small temperature
gradient in the vertica direction, and good PMV (in the range of -0.5 to 0.5) in the occupied
zone for a sitting occupant. And the sensible cooling load is about 50 W/nt. When the air
change rate increases 1 per hour in this case, the energy consumption increases about 2.6W/n'.

Compared with the cooling load of 65W/nt for the mixing system in this case, the
cooling load of the displacement ventilation system is about 47-56W/nt. This means that the
displacement system may cut down 2-26% of the cooling load, among which about 50%
comes from the decrease of heat convection from the ceiling. But it should be pointed out that
the cooling load from the floor could be increased by 5-8%.

Although the position of air outlet may not change the thermal environment in the
occupied zone gregtly, it has an effect on the energy consumption. Compared with the mixing
ventilation, the outlet at 1.8m cuts down 14% cooling load than that at the ceiling of 2.4min this
case.

As to the air diffuser with swinging louvers, they help for ar distribution in the occupied
zone, especially when there are some partitions in the room.

In this chapter, the basic effects of the displacement ventilation system, such as air change
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rate, positions of opening and the layout of room are discussed with the help of CFD
smulations. Displacement ventilation, as one type of active air conditioning method, is
available for energy saving, at the same time it has a better air change effectiveness, which is
suitable for occupant with high hedthy requirement. The red effect for this system will be

studied by field measurement in the experimental house in the next chapter.
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CHAPTERG6
FIELD EXPERIMENT OF DISPLACEMENT VENTILATIONINA
RESIDENTIAL ROOM

The thermal comfort and energy consumption for the displacement ventilation system has
been analyzed by the means of CFD simulation in Chapter 5, in order to verify the effectiveness
of the displacement ventilation system for residential house, it has been designed in the
experimenta house in Kitakyushu. In the following part, the details of the real system have been
illustrated, then the temperature distribution, ventilation effectiveness, and energy consumption
is studied according to the field experiment in the summer, and the experiment results have also

been compared with the smulation result.

6.1. Details of the Displacement System

6.1.1. Outline of the Displacement System

The whole air condition system in the experimental house is shown in Fig.6-1.

The occupied zone is under 1.8m above the floor in each room. The conditioned air,
which comes from the thermal storage air-handling unit (AHU) in the machine room, is mixed
with the induced room air, and then the mixed air is supplied from the low part of the fan unit.
The supply air goes directly to the occupant space at a quite low speed. Some of the air is
induced into the fan unit, and the other goes back to the AHU as return air, while the exhaust air
is discharged from the celling.

The detail constructions of the experiment and the thermal resistance are shown in Table
6-1. The roof, exterior wal and floor have good insulation, whose overdl heat transfer
coefficients are better than the recommended vaue in the New Energy-saving Standards. And a
double skin space is set to the south of the SOHO room (1F) and the living room (2F), whose
outer glazing consists of 8mm clear float with interior light blinds, while the interior glazing
consists of 6mm clear float. By controlling the interior blinds, the outside solar radiation can be

amost cut down, thus to cut heat gain from the south windows.
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Fig. 61.  Air conditioning system in the experimental house

Table 6-1. Detal construction and overdl heat transfer coefficient U of materials

. _ , U (W/m*.k)
Details Main Construction
Real* New* Next*
Roof 8mm Glass+140mm Insulation+20mm
0282 | 041 0.24
Recycle Pet Board
Exterior Wal | 8mm Glass+90mm Insulation+20mm Recycle
0388 | 054 0.53
Pet Board
Interior Wall | 70mm Insulation + 10mm Recycle Pet Board | 0.676
17mm Pastic +50mm Insulation+50mm Air +
Floor (2F) 047 0.62 0.48
4mm Rubber+12mm Recycle Pet Board
17mm Plastic +100mm Insulation +50mm Air
Floor (1F) 0.33 0.43 0.34
+ 4mm Rubber+12mm Recycle Pet Board
North: 3mm glass+6mm air+3mm glass 455
Window South (double skin outside): 8mm glass 5.88 - -
South (double skin inside): 6mm glass 6.67

Note: “Real” refers to the real vaue in the experimenta house; “New” refers to the value of the

New Energy-saving Standard, and “Next” refers to the vaue of the Next-generation
Energy-saving Standards
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6.1.2. System design
6.1.2.1. Features of the Displacement System

Induced air

As it is mentioned in Table 51 in Chapter 5, if the displacement system is used, the
smaller temperature difference between supply air and room air would lead to a larger airflow
rate. In the proposed system, some of the room air is induced into the fan wit, and then it is
mixed with the cold air from the AHU before it flows into the room.

The low temperature of ar from the air handing unit is designed to be 18°C, while the
same amount of room air (at 26°C) is induced, the supply air from the fan unit can be mixed to
be 22°C. Asthe VAV automatic control system have been installed, the supply air can be kept to
22+1°C.

Low position of outlet for return air
In the summer, if thereis no return air, all outside air is used for the displacement system,
which will lead to alot of energy consumption for cooling. Thus the return air outlet is set at the
height of 1.8m, and the air returned to the ar-handling unit can be lower than the outside air.
Although the exhaust outlet is set on the ceiling, and the low amount of exhaust would not
increase the cooling load so much. And there is no special consideration of air conditioning for

the space over 1.8m.
6.1.2.2. Fan unit

The detail construction of the indoor fan unit is shown Fig.6-2. The vertical louvers can
swing from left to right by the swing motor, and the cycle is measured to be about 40s.

The flow rate of the fan is 400m’/h at the “high volume” mode. Asiit is a line centrifugal
fan with the power of 25W, the noise is small, and it will not affect the occupant. And the
induced air outlet is aso mounted with filter, which is used to clean the induced room air.

The sensors for indoor air and humidity are installed on the front side of the fan unit at

the height of 1.3m.

6.1.3. Control system
The sketch of the control system for air conditioning in the experimental house is shown
inFig. 6-3.
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Fig. 6-2. Construction of the fan unit

The basic control method for the air conditioning system is variable air volume system
(VAV). According to the temperature sensor in the return duct, automatic damper in the supply
duct can be controlled. If further control is need, the inverter of the fan in the therma storage
unit also can be controlled. Here the Proportional-I ntegral-Derivate (PID) type of control action
is adopted, which adds a derivation term to the controller, and it can reduce the risk if the
controlled variables respond quickly, thus to control the system more effectively.

As there is an occupant sensor in the SOHO room, it is interlocked with the fan. If the
occupant leaves the room for a period of time (setting value), the air conditioning system
together with the lighting will be turned off.

The automatic control is executed by a main persona computer with the operation system
of Windows NT. Through the LONWORKS net system, this main computer can communicate
with the sensors and controllers. As the speed of the LONWORKS reaches 78kbps, the transfer
of signalsin this system is very fast. People may even revise the control program according to

different requirements. The sketch of the control system is shown in Fig.6-3.
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Fig. 6-3. Sketch of the control system for air conditioning in the experimental house

The other characterigtic of this control system is opened to the outside world through
Internet. Through the web controller, the situations of the room can be known at anywhere in the
world. People may even control the system by Internet.

Accounting for the security of the Internet, the control of the experimental house by

Internet is prohibited, but monitoring is available.

6.2.0utline of Field Experiment

The field experiment of displacement ventilation was carried out in the SOHO of the
experimental house since July 29 to August 3 in 2001, when the outside air reached its peak
during that period. During this field experiment, the blinds in the double skin were completely

shut down, there were not direct solar radiation transmitted into the room.
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6.2.1. Site conditions
The dimension of the SOHO room, the size of air inlet and outlet, and heat release of

equipment and human are shown in Table 6-2.

Table 6-2. Site conditions in the experiment room

Item Specification Center Height
SOHO Room L4.41 W3.8 H2.4=40m" -

Supply air inlet L0.6° W0.3=0.18m" 0.3m
Induced inlet L0.6 W0.16=0.096n7 1.77m
Return outl et L0.55" W0.1=0.055nt 1.8m
Exhaust outlet L0.18" W0.1=0.018n7 24m

Equipment and human hesat release

Light 25W 6=150W 24m
Computer 200W" 2=400W 0.8m
Human (sensible) 55 W’ 2=110W 1.1m

Note: there were two people in the SOHO during experiment.

6.2.2. Test pointsand instruments
6.2.2.1. Temperature and humidity

In order to test the air temperature (dry-bulb) distribution in the occupant space, there are
12 cords in the occupied zone, and 4 sensors (T-type thermo couples) in the vertical direction
with the height of 0.1m, 0.6m, 1.1m and 1.7m, al together there are 48 points to be tested,
which are detailed in Fig.6-4. Here 0.1m is equal to the height of ankle, 0.6m is the height of the
body for a seated people, 1.1m is the height of head for the seated people, and 1.7m is the height
of a gtanding people.

The temperature and humidity of supply air, return air and outside air are measured, as

well astheinterior surface temperatures, such as temperature of wall, floor and ceiling.
6.2.2.2. Air velocity distribution

Air velocity at the height of 0.1m and 1.1m is measured, and there are 8 points
(Cord1-Cord6, Cord10, Cord12) in the horizontal surface. The air velocity in the high places is
also tested.
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Fig. 6-4. Points digtribution in the SOHO (plan view and section view)

6.2.2.3. CO, concentration

- 153 -

The CO, concentration in the occupied zone has been measured at the height of 0.1m,
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6.2.2.4. Others

Other items such as the supply air volume, induced air volume, return air velocity, are
aso tested. In addition, the outside climate conditions, like solar radiation, which are detailed in
Chapter 4, are recorded.

6.2.2.5. Points list and instruments

The whole test points and instruments are listed in Table 63. Most of the data are

recorded in a data collector, or by computer.

Table6-3. Test points and ingtruments in displacement ventilation system in summer

No. Test points Numbers Instruments
1 Room air temperature 48 Therma couples
2 Wall, floor, ceiling temperature 10 (T-6F, 0.2F)
3 Ceiling air temperature 3
4 Temperature/humidity of supply 3 Thermal recorder
air, return air, outside air (TR-729)
5 Air velocity 24 RION AM-097
6 CO, Concentration ALNORS8610
7 Air flow 6 Recorded by Computer
Air flow (for Check) 1 ALNOR Standard Balometer
8 Temperature correction 1 Assman Ventilated Psychrometer

Note: Test points for climate conditions are the same as shown in Table 4-2.

6.2.3. Sceneon dite
The setting of the instrument is shown in Fig.6-5 (@), and the scene of field experiment in

SOHO is shown Fig.6-5 (b).

6.3.Results of experiment and simulation

6.3.1. Climate conditions

During the field experiment, the average temperature of outside air was over 30°C in the
daytime, while the peak solar radiation reached 900W/n?. The outside conditions on August 2,
2001 were detailed in Fig.6-6, with the peak temperature of 35.8°C at 14:00.
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(a) Setting of the instruments (b) Scene of testing
Fig. 6-5. Scene of the displacement ventilation test in Aug. 2001
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Fig. 6-6. Outside temperature and solar radiation on August 2, 2001

All the other data used for analysis were on the same day of Aug. 2 in the following
discussion.

6.3.2. Conditions of Supply air

The conditions of the supply air from the AHU are detailed in Fig.6-6. The tested supply
air temperature was controlled to be in the range of 18-18.5°C during most of the running time,
while the airflow rate was kept to be about 280-300m’/h. And the relative humidity of the

- 155 -



supply air was about 80% in the duct.

The room air was kept to in the range of 26-27°C, and the temperature variation in the
room was quite smal, which is shown in Fig.6-7, during the testing period. At the same time,
the temperatures of supply air, and airflow rate were aso kept to be in balance. It should be
noted that the supply air volume coming into the room is larger than that from the AHU because
of the induced air. It depends on the airflow rate of the fan in the fan unit.

The flow rate was measured to be 420m°/h at the air inlet when the volume switch is at
the high mode. And the temperature variation is smilar to that in the above figure, while the
supply air temperature was in the range of 21.5-22.5°C.
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Fig. 6-7. Supply air temperature and airflow rate from the AHU

6.3.3. Temperaturedistribution
6.3.3.1. Temperaturesof interior surfaces

As the displacement ventilation system began on 9:30, the variation of temperature on the
interior surfaces in the SOHO is detailed in Fig.6-8. The surface temperature went down after
the air conditioning system was turned on. For example, temperature of the east wall reached
34°C, while the others reached 30-31°C at 9:30. After the air conditioning system was put into
operation, those temperatures went down sowly, and they reached the balance temperature at
about 28°C.

On the other hand, temperature of the south glass reached its peak 30.8°C during 12:00 to
14:00, athough the blind in the double skin space was completely shut down. And the blind
temperature went down after 15:00.
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Fig. 6-8. Temperatures of interior surfaces during 9:00 to 19:00

6.3.3.2. Stratification in temperature

Fig.6-9 shows temperature variation of points a Cord 5 (X=2.7m, Y=0m, Z=1.8m) in the
middle of the room during 9:00 to 19:00, and the other 11 cords have the similar variation.

Before air conditioning system is turned on, temperature of each point was about 30°C
and vertical temperature difference is very small, which means the air temperature is uniformly
distributed in the room. After the air conditioning system starts, air temperature fals down, the
vertical temperature difference becomes great. Temperature distribution becomes stable an hour
later. Average temperature from 0.1m to 0.6m high is about 25.5°C, 1.1m about 26.5°C and
1.7m about 28°C during 11:00 to 17:00. The air near the ceiling is about 30°C. Testing points on
other cords have the same variation as Cord 5.

The room air temperature goes up slowly after 17:00, because the ice stored in thermal
storage AHU has been used up.

The temperature profile at 12:00 at the middle section of the room, i.e. Y=1.8mis show in
Fig.6-10. The average temperature at 0.1m is 25°C, 0.6m 26°C, 1.1m 26.8°C, and 1.7m about
28°C. It isclearly that the air temperature is stratified aong the height.

The comparison of the measured temperature and calculated results at Y=1.8m is shown
in Table 6-4, which shows that the simulation of Case 3 in Chapter 5 has a correlation
coefficient of 0.95 with the temperature measured (Fig.6-11).
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Fig. 69.  Air temperature at different heights in the middle of the room
(Cord 5 X=2.7m, Y=1.8m, Z=0m from 9:00 to 19:00)

Z(m) Ceiling 30.8
/
2.4 L
North
/
// wall 29
______________ 28 ——— e ———
1.7
South glass
———————————————— N
_____________ 27 N
1.1
/’26 -
7~
o6 1 7
. Floor
o1 !} - =TT 25 —__ / |
0.9 1.8 2.7 3.6 4.4
X(m)

Fig. 6-10. Air temperature at different heights in the middle of the room
(at the section of Y=1.8m, at 12:00)
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Table 6-4. Comparison of smulation and measurement at Y =1.8m (12:00)

X Z Temperature (°C)
(m) (m) Simulation Vaue Measured Data
0.9 0.1 24.7 25
0.9 0.6 25.3 26.3
0.9 11 26.3 26.4
0.9 1.7 28.1 28
18 0.1 24.3 24.7
1.8 0.6 251 26.2
1.8 11 26.2 26.8
1.8 17 28 279
2.7 0.1 24.3 25.2
2.7 0.6 24.9 25.3
2.7 11 26 26.5
2.7 17 28 277
3.6 0.1 24.5 25.2
3.6 0.6 24.7 25.6
3.6 11 25.7 26.1
3.6 1.7 28.1 27.9
2.7 2.3 30.3 30.8

Simulation temperature

31 5
0
29
28
27
2%

25

2 4 1 1 1 1 1 1
24 25 26 21 28 29 30 A

Measured temperature ()

Fig. 6-11. Corredation coefficient of the simulation result and measurement
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6.3.3.3. Temperature deviation

Temperature distribution at different heights at 12:00 is shown in Fig.6-12. According to
Equations (5-18)-(5-19) and the supply air temperature, the calculated temperature deviation is
show in Table 6-5. With the increase of height, the temperature deviation decreases from 27% at
0.1m to 3% at 1.7m when the supply air is 22°C. As the diffuser is near the floor, it has more
effect on the lower places. Because of the swinging louvers, air temperature has a great
deviation in lower parts. According to the simulation in Chapter 5, the lower places have a
bigger deviation of about 30%. Although it was smaller in the experiment, it shows the same

trend.
Yg(rg) Bookcase 2(?;) Bookcase
et ' Desk1
2.7 w SE\% 2.7
18 : %12 . 1.8
0.9 : /\Z&O\ ' 0.9
Desk2 Desk2
09 18 2.7 36 4.4 X(m) 09 18 27 36 4.4X(m)
(a) at height of 1.7m (b) at height of 1.1m
Y(m) Y (m)
Bookcase Bookcase
3.8 3.8
Desk1
2.7 2.7
1.8 18
0.9 0.9
Desk?2
09 18 2.7 36 4.4 X(m) 09 18 27 36 4.4 X(m)
(c) a height of 0.6m (d) at height of 0.1m

Fig. 6-12. Temperature distribution at different heights at 12:00 on August 2

-160 -



6.3.3.4. Temperature gradient

The variation of temperature gradient from the floor to the ceiling is detailed in Fig.6-13.
Before air conditioning system is on (at 9:00), the temperature gradient from floor to the ceiling
is smaller than 0.5°C/m. After it starts, the temperature gradient increases with the time. For
example, it is about 1.3°C/m at 10:00 when the system has been put into operation for one hour;
and it increases to 1.7°C/m at 1100, then it comes to a relatively steady State with a stable
temperature gradient (Fig.6-13a). While the temperature gradient reaches 3C/m near the air
inlet (Fig.6-13b). After the air conditioning system is turned off, the temperature gradient
becomes smaller, and two hours later, it comes back to about 0.5°C/m. The comparison of the

temperature gradient between experiment and simulation is shown in Fig.6-14, and the

simulation has a quite good accuracy.

Table 6-5. Temperature deviation at difference heights (12:00)

Tz Tsa T Tsa Tosn Tsa Toin Tsa
H(m) Temp

(0 Q) §®) e
Cordl 594 4.19 3.26 381
Cord2 5.79 3.86 3.36 3.01
Cord3 5.79 4.20 4.00 3.01
Cord4 5.88 4.28 3.87 3.63
Cord5 552 4.29 3.08 2.96
Cord6 5.83 4.82 3.85 2.82
Cord7 544 4.20 3.38 3.25
Cord8 5.74 457 3.96 2.52
Cord9 5.90 4.53 3.93 1.78
Cord10 571 4.29 4.07 3.80
Cord11 577 4.15 4.07 2.75
Cord12 5.56 4.10 3.93 114
Average of Ti-Tg, 574 4.29 3.73 2.87

A they 2.7% 5.8% 9.4% 27.4%

Note: The supply air is 22.2°C in calculation.

Temperature gradient in the occupant space from the ankle (0.1m high) to the face (for a
gtting man is about 1.1m high) is within 2°C/m. According to the standard of 1SO7730,
temperature gradient is recommended within 3°C/m. The guidance of SCANVAC (Murata,

- 161 -




1997) states that the temperature gradient of 2°C/m will cause 3% dissatisfaction degree

Z (m)

(Fig.6-15).
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Fig. 6-13. Indoor temperature gradient
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Fig. 6-14. Comparison of temperature gradient between experiment and smulation
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The temperature gradient near the ar inlet is about 3°C/m, which means 8%
dissatisfaction, and the occupant will fedl a little cool there. In the occupant space, it can be
considered that the temperature gradient caused by displacement ventilation has little effect on
therma comfort.

Dissatisfaction

Rate %
100
60 [
40 r

20r1

AT T 4 Toam C )

Fig. 6-15. Dissatisfaction rate casued by temperature stratification

6.3.4. Air humidity
The humidity and temperature of air are measured at the height of 1.3m on the fan unit.

From 11:30 to 12:30, the average temperature is 24.5°C, and the average humidity is 65%, thus
to calculate the absolute humidity to be 0.0126kg/kg.

Take absolute humidity as constant, according to temperature distribution, the humidity
distribution can be calculated, which is shown in Fig.6-16. And the relative humidity of air in
the occupied zone is in the range of 50-60%.

6.3.5. Vdocity disgtribution

The air velocity of pointson Cord 1, Cord 2, Cord 4 and Cord 5 at the height of 1.1m is
shown in Fig.6-17, and the average velocity is below 0.25m, while the velocity above 1.8m is
smaler than 0.1m/s. Because of the swinging of the air diffuser, the turbulent intensity of

velocity in the occupied zone is about 20%.
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Fig. 6-16. Didribution of relative humidity in the middle of the room (at Y=1.8m)
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Fig. 6-17. Vdocity at 1.1m in the middle of the room from 9:30 to 11:00

The flow rate of supply air from the fan unit is about 425m#/h at 12:00, with the average
velocity of 0.65m/s at the air inlet surface, and the velocity distribution at the height of 0.1m is
shownin Fig.6-18.

Compared with these measured velocity, the smulation has a correlation coefficient of

0.82 with experiment. Although the air velocity is faster than 0.4m/s near the air inlet, and the
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flow direction changes frequently, it is below 0.3m/s in the occupied zone.
Thus the air inlet has little impact on the velocity distribution in the occupied zone.

! Simulated (m/s)
Calculated ' computerl 0.6

05

R’ =0.8183

04

03 r

0.2

0.1

0
computerl 0 01 02 03 04 05 06
Measured (m/s)

3.6 447 X(M)

Fig. 6-:18. Comparison of velocity distribution between field experiment and
smulation (at the height of 0.1m at 12:00)

6.3.6. Draft
The variation of air velocity in the occupied zone will lead to draft sensation. According

to Standard 55-1992, the percentage of people dissatisfied due to draft can be expressed by
Equation (5-22).

Therefore in this field experiment the average draft in the occupied zone is about 10%,
while it is 80% near the air inlet, because of great air velocity and intensity. The intensity near
the air inlet is assumed to be 35%, which is detailed in Chapter 5. Occupant may feel more
comfortable in the middle of the room with the dissatisfactory rate of only about 10%.

6.3.7. PMV
According to the air temperature and velocity measured, the PMV distribution at Y=1.8m

in the occupied zone is shown in Fig.6-19, where the clothing value is 0.5 clo, and the metabolic
rate is 1.2 met (7OW/nT). The radiation temperature is assumed to be equa to the dry-bulb

temperature, while the relative humidity is assumed to be 60%.
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Note: the air velocities between the height of 0.6m and 1.1m are taken as 0.2m/s;
at 1.7mis 0.15m/s; and it is 0.1m/s at the height of 2.3m.

Fig. 6-19. PMV digtribution at Y=1.8m in the middle of the room at 12:00

Below the height of 1.1m, PMV is smdller than 0.5, while it is 1.0 at the height of 1.7m
and over 1.5 at the height of 2.2m. Although it is over 1.0 above the height of 1.8m, it has little
effect on a ditting occupant (at the height of 1.1m).

6.3.8. CO, concentration

After the temperature distribution became stable, concentration of CO, is measured
vertically at the section of Y=0.45 (Fig.6-20). The Concentration of CO, is relatively low near
inlet, while it is quite high near the celling. For example, the average concentration in the
occupied zone is 600ppm, and it is 800ppm near the ceiling, while the outdoor CO,
concentration is about 360ppm.

Carbon dioxide has been widely used as an indicator of indoor air quality. The maximum
limit of 1000ppm CO, is recommended to satisfy comfort (odor) criteria, according to Indoor
Environmental Management Standard in buildings of Japan (Inoue, U. 1996).

Although the age of air has not been measured in this test, according to those measured
CO, concentration, it is lower in the occupied zone than that in the higher places. While the CO,
concentration in the mixing ventilation would be uniformly distributed. Therefore it can be
concluded that the air exchange efficiency of displacement ventilation is better than that of the

mixing ventilation.
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Fig. 6-20. CO, concentration distribution at the section

6.3.9. Energy consumption of cooling
According to Equations (5-8) to (5-12), the cooling load (sensible heat) in the room can

be calculated, which is shown in Fig.6-21. Here, the convection heat transfer coefficient a is
taken as 4w/nt, and the ratios of convection for Cappiances Gperson @A Qg are al set to be 50%.
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Fig. 6-21. Calculated cooling load in the experiment room
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The average cooling load in this SOHO room is about 50W/nT, among which the fixed
heat from appliance, person and lights accounts for 40%, and the other 60% is convection heat
from walls, floor and ceiling.

The heat from floor accounts for 20%, which is the biggest, then the heat from south is
14%, and the heat from east 11%, while the heat from ceiling is very small, only about 5%.

The cooling load of experiment resut at 12:00 is 58W/nt, compared with the simulation
result of Case 3 in Chapter 5, which is about 10% higher. The reason is that the air temperature
measured in the experiment is 0.9m from the walls, while it is 0.1m from the walls in the
simulation. The amaller the distance is, the smaler temperature difference is, which could lead

to small caculation results.

6.4.Summary and Conclusion

According to the field experiment in the resdential house, the effectiveness of

displacement ventilation system is confirmed. The conclusions are as follows.

Thermal comfort

Air temperature is stratified along to the height by the displacement ventilation, and the
average temperature in the occupied zone is about 25-28°C, while it is 23°C higher at the
places near the ceiling. Temperature gradient from the ankle (0.1m high) to the face (for a sitting
man is about 1.1m high) is within 2°C/m in the occupant space. According to the standard of
1SO7730, temperature gradient is recommended within 3°C/m. The guidance of SCANVAC
states that the temperature gradient of 2°C/m will cause 3% dissatisfaction degree.

The temperature gradient near the air inlet is about 3°C/m, which means an average of
8% dissatisfaction, and the occupant will fedl a little cool there. From the whole temperature
distribution in the occupant space, it can be considered that the displacement ventilation has
little effect on therma comfort with careful design.

From the point view of draft, there is about 10% dissatisfaction in the middle of the room,
while it is about 80% near the air inlet.

Moreover, as to the PMV distribution, PMV is below 0.5 under the height of 1.1m, which
means a comfortable environment. From 1.1m to 1.7m, PMV becomes greater, which
corresponds to 20% dissatisfaction degree. But to a sitting person there is little effect. Above

1.7m the average PMV is 1.5, which meansit isallittle hot, but it has no effect on occupants.
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According to distribution of temperature, humidity, temperature gradient, draft rating and
PMV in occupant space, it can be concluded that comfortable indoor environment is realized in

the occupied zone.

Air exchange efficiency
As fresh air is induced directly to occupant space in displacement ventilation system, the
arr will be fresher in the occupant space than that under the ceiling. The Distribution of CO,
concentration shows the CO, concentration below 1.8m is 30% lower than that above 1.8m. In
the occupant space, CO, concentration is about 600ppm, which is smaller than the
recommendation of Standard of Indoor Environmental Management in buildings of Japan.
Therefore dsplacement air conditioning system is considered to have good air change

efficiency.

Energy conservation

According to measured results, sensible heat load in summer is about 50-60W/ne. In
conventional air conditioning system, when the indoor air temperature is supposed as 27°C or
26.5°C uniformly, the sensible heat load increases about 22% and 38% respectively. Asthe
return air is set at the height of 1.8m, the air in the occupied zone can be reused in te
ar-handling unit, while the air at those higher places keeps at a high temperature. Because heat
convection from ceiling and the high part of walls decreases, only 5% of the tota, which leads
to 20-40% energy saving.

Therefore, displacement ventilation system is contributed to energy saving, as an
effective method for the active air conditioning system.

Moreover, as the supply air temperature is higher than the conventional mixed system,
some natural cooling sources can be available for this system, such as water wells. During the
intermediate seasons, only the outdoor air may be available for free cooling.

As the smulation results have a good accordance with the measured vaues, the
correlation coefficient for temperature is 0.95, and 0.82 for air velocity. This shows that the
CFD smulation in Chapter 5 has a wdl prediction, and it can be helpful for the design of

displacement ventilation system in the residential houses.
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CHAPTER 7
EFFECTIVENESS OF THERMAL STORAGE SYSTEM IN
A RESIDENTIAL HOUSE

The thermal storage systems have been often used in office buildings, but have few
applications in residential houses. As the displacement air conditioning system is used in the
experimental house, an ar-handling unit is necessary. Here a specid therma system, which
combines the thermal storage tank with the ar-handling unit, is proposed in the residentia
house. Therefore it makes the thermal storage system possible for houses, which is expected to
shift the peak load, save space for equipment, and reduce the running cost. Furthermore, as the
fresh air will be introduced to the room, this will lead to good indoor air environment and

occupant hedlth.

7.1.Proposition of thermal storage system for residential house

In order to decrease the equipment size, the direct heat exchange method is proposed for
the thermal storage system in the experimental house. The energy system is shown in Fig.7-1,

the details are explained in the following part.

RA

Hot Water for Mixing Chamber e

Daily use Therma Storage Tank
I Induced A ir
Heat Pump Humidifie Ean | (3 EA
OA 3
’ o
Room RA
Refrigeran Refrigerant U_nlt\ Occupied Zone

M
1
1
B le \
i Fan I—>  Floor Heating (Winter)
/

/
Hot W ater Therma Storage Air Handling Unit

Fig.7-1. Energy system in the experimental house

7.1.1. Thermal storage air-handling unit
7.1.1.1. Direct heat exchange method

In existing ice storage systems two-phase heat exchange method is adopted as showing in
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Fig.7-2. Heat exchange of the conventional system
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Fig. 7-2. The one heat exchange happens between refrigerant and water or refrigeration brines,
and the other happens between water and air. So one pump is necessary, which means that more
space is needed. That limits the popularization of ice storage system in residential houses.

Here a simplified heat exchanger is suggested, where air exchanges heat with ice directly.
Fig.7-3 shows the characteristic of this method.

The proposed storage tank is constituted of inner pipes and external copper tubes. During
the summer, Efrigerant circulated inside the inner refrigerant pipe, and water in the tubes
becomes ice by the cold refrigerant (-20°C) from the heat pump at midnight. In the daytime, the
mixed air passes through the tubes containing ice, and it directly exchanges heat with the ice
inside the tube, thus the conditioned air is created.

During the winter, when the heat stored in the hot water tank becomes full, the water in
the tubes can also be used for heat storage. Thus the proposed thermal storage tank acts as an
auxiliary hot water tank.

OA/RA
Water/lce Tube Fan

&/7/_/_

SA
= Water/lce
él } |:|l> Tube
Air Air
Refrigerant Refrigerant
Refrigerator Proposed Therma Storage Tank Tube section

Fig.7-3. Heat exchange of the proposed system
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7.1.1.2. Detail of proposed air-handling unit

The therma storage ar-handling unit consists of a mixing chamber, a therma storage
tank, awater humidifier, aflow straightener and afan (Fig.7-4).

The hot water humidifier is only used during winter to make sure of the humidity in the

rooms.
Fanoutlet  Bypass Humidifier ~Copper Tube
\ e\ /Waterlnlet/d)BOx 1250
T X 7
Ay RO Refrigerant inlet
REOPREPR W / (hedting)
> OO Refrigerant inlet
= SRESRERSEED 34 Y / (cooling)
1 /an\ /art 2
3 Sas RS \Refrigerant outlet
\] AR A ealing/cooling)
a a /AR N =
1110
2420
(a) Plan view
Supply Fan %\_ Flow Straightena
: : = \ﬁ — Refrigerant inlet
i A (7 Y C
b D_‘ [ ? | \Refrigerant outlet
Mixing Chamber
_ el N
I s —

/ \ \ i i
Flow Straightener/ \Humidifier\ Drain collector Drain pipe

(b) Elevation view

Fig.7-4. Plan view and elevation of the proposed thermal storage air handling unit

7.1.2. Hot water tank

Hot water can be guaranteed for the daily hot water supply in the whole year, and also for
the floor heating system in the winter. The waste heat from the heat pump is reused by
producing hot water during the summer, while in the winter the hot water is produced by heat

pump. Because the COP of heat pump is larger than that of the electric water heating, as well as
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heat recovery, and these will lead to better energy efficiency for the whole system.

7.1.3. Characteristics of the proposed system
Besides the benefits of common therma storage system, such as reducing the equipment

size, saving the capital cost and energy cost saving, the above system has the following merits:

High ice packing factor (1PF)
As the refrigerant circulates in the water tubes, heat exchange between water and

refrigerant is very intensive, which leads to high ice-packing factor.

Simplified system
The air conditioning unit can be combined with the storage tank, and no pump is
necessary in this process, thus the operation can be smplified due to direct heat exchange. This
can lead to less space for machine and low noise for operation, which would make the thermal

storage available for residential use.

Low heat loss and transportation power
Compared with the conventiona system, there is no circulation of brine, thus the smple
heat change mode can lead to less heat loss. Moreover, low-temperature supply air can be

available, and this will lead to low transportation power for the fun in the air-handling unit.

High efficiency
Heat pump has higher COP than the conventiond electric water heater, and waste hedt is
used during the summer, al these make the whole system have a good efficiency.

Good indoor environment
The outside air will be mixed with the return air, then to be supplied to the occupant zone.
Fresh air can be ensured, thus to meet the healthy requirement of occupant. While no outside air

is introduced in the conventional room air conditioner.

Mechanical ventilation and free cooling
The another function of the thermal storage air conditioning unit is that the supply fan can
also be used for mechanical ventilation during the spring and autumn, or when the outside air is
available for free cooling. When the natural ventilation caused by wind or thermal effect is
small, this would be a backup for the mechanical ventilation, which is a key aspect of the hybrid

ventilation system.
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7.2. Casesudy

The above therma storage system is proposed for the experimenta house in Kitakyushu.
The two-story residential house with floor area of 174.6m° is designed for a two-person family.
The firgt floor is designed for future resdential houses, including a SOHO room, a reception
room and a machine room, etc. And the second floor is conventiona living space, including a
living room, a bedroom, a bathroom, etc. Basing on the SOHO function, life schedule changes
correspondently, as people can work at their homes during the daytime (Fig.7-5), which leads to

adifferent air conditioning load characteristic.

w3

§ O Bedroom

5 OLiving room

o O Reception room

8 SOHO

2_____________ N
1 BEEEREE A
0

123 456 7 8 9 101112 1314 15 16 17 18 19 20 21 22 23 24 Hour

Fig.7-5. Daily schedule in the experimental house

7.2.1. Air conditioning load

The set value and cdculation value of air conditioning load is listed in Table 7-1,
according to different the time-dependent schedule, the total peak load of cooling and heating
are 12.4kW and 14.7kW respectively, while the caculation is based on SMASH 2.0 of IBEC
(1997). The annua hesating load is 14777MJ while the annua cooling load is 33441MJ, which is
much greater than heating load.

The comparison of the air conditioning load between this experimental house and other
resdential houses (Ojima, T. 1995) is shown in Fig.7-6. It can be seen that cooling load of this
house is higher than the others because of SOHO applications with more heat generation.

Fig.7-7 details the hourly cooling load on August 4 in the summer, which shows that the
difference between peak and off-peak is very big. The load in the daytime (8:00-22:00) is
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359.7MJ, whileit is only 44.8MJ in the nighttime, and the unbalanced load distribution tells that
the thermal storage system is suitable for this house.

Table 7-1. Set values and calculation of air conditioning load in the experimental house

Setting Vaues SOHO Reception [Living Room Bedroom
Indoor temperature (C/H) (°0) 26/20 26/20 26/20 26/20
Indoor humidity (%) 50 50 50 50
Heat release of equipment (kw) 1 0.12 0.12 0.12
Lighting heat (kw) 0.12 0.12 0.12 0.12
Heat release rate at night* (%) 30 0 0 0
Human heat release (kw) 0.1 0.2 0.2 0.2
Shielding rate 0.27 0.27 0.27 0.9
Room volume (m) 38.9 38.9 70 31.1
Cooaling load (kw) 4.2 6.0 6.4 2.6
Hesating load (kw) 3.8 5.6 14.7 8.6

Note: C/H, Heating/cooling; Heat release of machine at night is assumed to be part of the peak
value. Here assumes that there are two computers, one duplicating machine and others in

SOHO.
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Fig.7-6. Comparison of air conditioning load between the experimental house and other houses

On the other hand, the peak-heating load in winter is 278MJd, which is 31% lower than
the peak cooling load because of the double skin space in the south facade of the experimental
house.
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Fig.7-7. Hourly cooling load on August 4 in the experimental house

7.2.2. Hot water load
According to the number of persons living in the experimental house, hot water demand
can be decided by Equation (7-1). Suppose the temperature difference is 45°C, supply hot water

volume is 150kg/d per person, hot water load can be calculated as following:

Qu =T thwtCPWt Dt (7-2)

where Dt isthe temperature difference between city water and hot water, which is supposed to
be 45°C; V. is the volume of hot water supply, which is 150kg/d for one person (JBMEEA,

1992a). Because there are two persons in this house, the hot water load is 56.5MJd calculated
by Equation (7-1), and the peak load rate reaches 2.3kW when supply water volume is 45kg.

7.2.3. Setting of thermal storage air conditioning system
7.2.3.1. Capacity of thermal storage tank

The effective volume of the ice storage tank (Vig) can be calculated by Equation (7-2).

y - Q. @+k,) 72
= prt, rWI,DtQNt+Q|ice,rice, IPF

where Q,«.is ice storage capacity, which is supposed to be 50% of the peak day cooling load, i.e.
180MJ; kg is heat loss of ice storage, which is supposed to be 5%, Dty is the sensble heat
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temperature difference of water, which is supposed to be 7°C, and |PF is supposed to be 0.95.
Thus the effective volume of ice Viq is calculated to be 0.59m°. As the length of the
copper tube is 1.25m with the outside diameter of 80mm and the diameter of refrigerant pipe is
10mm, the net volume in one tube is 0.0062nt, and the total number of the tubes should be
larger than 95. Therefore, the tubes in the tank are arranged in 12 columns and 8 rows,
atogether there are 96 tubes.
The output of heat pump is calculated by Equation (7-3),

_ Qisc, (1+ kst) + Qnight

W, =
HPoutput t. 3600

(73

where Qyign IS the air conditioning load from 22:00 to 8:00 of the next morning, i.e. 44.8MJ, and
the time t,s for therma storageis 10 hours.
Therefore the output of heat pump is 6.2kW.

7.2.3.2. Capacity of hot water tank

In winter ice storage tank acts as an auxiliary hot water tank, the volume of hot water tank
can be calculated by Equation (7-4),

Que ~ A+ky)
Cp, r. ~ Dt

wt wt hwt

Vi = - Vig (7-4)

where Qs is 50% of peak daytime hot water load for heating and daily use, i.e. 155.2MJ; heat
loss kg is 5%, sensible heat temperature difference Dt is 25°C.

Therefore, the volume of the hot water tank is 0.96m°, and the water tank is designed to
be 1.7m in height with the diameter of 0.8m.

Detail constitution and capacity of the proposed therma storage system are shown in
Table 7-2.
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Table 7-2. Thermal storage capacity and electricity consumption of the proposed system

Volume Storage capability Effective output
Item Data 3
() (MJ) (MJ)
@ 0.08x H1.25x 193.2 190.7
Thermal storage tank
8(R)x 12(C)=0.6 62.8* 59.7*
Hot water storagetank | ¢ 0.8x H1.7=0.96 100.5 95.5
Input (kW) Output (KW)
3.2(c) 6.2 (c)
Heat pump -
3.0(h) 9.0 (h)
Auxiliary - 11
Fan 1000n°/h 0.2kW
Total contract electricity capacity 4.3kW

Note: * refersto the heat storage in the thermal storage tank in winter

7.2.4. Setting of conventional system
The conventional system for the experimenta house is supposed to be composed of room

air conditioner and electric water heater. Heating and cooling are realized by air conditioner and

water heater uses midnight eectricity to supply hot water.
Table 7-3 shows the detall compostion of the conventiona system, where the tota

contract electricity capacity is twice more than that of the proposed system.

Table 7-3. Composition of the conventional system

Type of room air _ Heating Cooling
o Quantity
conditioner Input (kW) | Output (kW) | Input (kW) | Output (kW)
40 1 1.8 6 11 4
S28 4 1.1x 4 3.8x 4 1.0x 4 2.8x 4
S25 1 1.0 3.4 0.9 2.5
Electric water heater 1 2.4 200kg - -
Total contract electricity capacity 9.8

Note: The data of room air conditioner is from the specification of DAIKIN Co., and the data of

water heater from TOTO; and two of the four S28-air conditioners are for the living room, while

the other two are for the reception room.
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7.3.Evaluation by simulation

In order to known the characteristic of thermal transfer for the proposed direct heat
exchange air conditioning unit, the air temperature and airflow can be predicted, according to
temperature variation of the water/ice in the tubes of the thermal storage tank and the conditions

at the air inlet.

7.3.1. Simulation model

7.3.1.1. Standard k-e model

The smulation model used here is the same as in Chapter 5, i.e. the standard k-e
turbulence model. But the turbulence intensity and turbulence length scale at the air inlet are not

the same, here the default values of Airpak are used, i.e. 10% of the air inlet.
7.3.1.2. Sketch of the direct heat exchange tubes

The tubes for direct heat exchange in the therma storage air conditioning unit are
arranged in 8 columns and 12 rows, and the detail layout is illustrated in Fig.7-8. The space
between the rows and columns is 81.82mm and 91.43mm respectively.

a'\,
J \_/
(OO

91.43 | 91.43

(

81.82 1.82

X

(a) Photo of the tubes (b) Detail layout of tubes (mm)

Fig.7-8. Layout of proposed direct heat exchange tubes in the air conditioning unit

Both the inlet and outlet are 0.4m in width and 0.6m in height, with an area of 0.24n’.
Each tube is 1.2m long with the diameter of 0.8m, and the space between the tubes is about
0.11m to 0.16m. Because of the symmetry in the Z direction, haf of simulation modd is
illustrated in Fig.7-9.
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Fig.7-9. [llustration of the coil layout in the thermal tank

7.3.1.3. Boundary conditions

The fixed velocity, temperature and static pressure are set at the air inlet, while the four
interior surfaces are supposed to have enough good insulation, and have no heat loss. Radiation
between the tubes is heglected during computation.

And the air velocities of inlet and outlet for different cases are shown in Table 7-4.

Table 7-4. Cases of direct heat exchange

Tube Air inlet
Case No. ,
Temperature Temperature Velocity

Case 7-1 0°C 28°C 1m/s
Case 7-2 0°C 28°C 2m/s
Case 7-3 0°C 28°C 3 m/s
Case 7-4 0°C 28°C 4mls
Case 7-5 7°C 28°C 1m/s
Case 7-6 7°C 28°C 2m/s
Case 7-7 7°C 28°C 3 m/s
Case 7-8 7°C 28°C 4mls

7.3.1.4. Initial conditions

It is assumed that the air temperature is uniformly distributed before heat exchange, and
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theinitial temperature of air is set to be the same as the ambient air (28°C).
7.3.1.5. Case setting

The cases are set according to the conditions of air inlet and tubes, listed in Table 7-4 are
studied.

Case 7-1 to Case 7-4 represent the therma storage tank is fully charged, and the
temperature of tubes at OC, while Case 75 to Case 78 represent the stored hesat is emptied,
according to the setting of operation for heat pump.

7.3.1.6. Computational mesh

Hexahedral mesh is adso used here, with the maximum sze of mesh is
0.04m" 0.04m" 0.04m, and the maximum size ratio is 2, while the meshes near the tubes are
refined. The total number of meshes in the room reaches 315000, and the plan cut of the mesh,
a Y=0.5isshownin Fig.7-10.

Airinlet Air outl et

= =

Fig.7-10. Profile of mesh around the tubes

7.3.1.7. Transient ssimulation

Transent smulation is carried out for different cases.

Time starts at Os and ends at 10s, with the time increment of 0.05s for each step.
7.3.1.8. Under-relaxation factors

The iterations for each time step is 20, and the values of the under-relaxation factor for
the Equations (5-1)-(5-7) are detailed in Table 7-5.
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Table 7-5. Under-relaxation factors for equations

Under-relaxation factor Vdues
Pressure 0.3
Momentum 0.7
Temperature 1
Viscosity 1
Body forces 0.1
Turbulent kinetic energy 0.5
Turbulent dissipation rate 0.5

7.3.2. Simulation results
7.3.2.1. Heat transfer characteristic

When all the tubes are filled with ice, i.e. temperatures of the tubes are 0°C, which means
the capacity of the therma storage is full. When al the ice is turn to be water, and then the
temperature of water increases gradually. When the water temperature is 7°C, the capacity of the
thermal storage is assumed to be empty. These two situations are the two extreme conditions,
and the heat exchange speed with air velocity of the proposed thermal storage tank is detailed in
Fig.7-11, and the inttial air temperature is 28°C. Fig.7-11(a) shows that the temperature
variation in 10 seconds for different air velocity when the tubes are at °C for Case 7-1 to Case
7-4, while Fig.7-11(b) shows the temperature variation when the tubes are at 7C for Cases 7-5
to 7-8.

From the air temperature at the outlet, it can be seen that, when the air velocity at the air
inlet is 1m/s, and the tubes are at 0°C (Case 7-1), the outlet air temperature is about 6°C and it is
the lowest, but when the air velocity is 4m/s (Case 7-4), the outlet temperature is about 13°C.
The greater the air velocity is, the higher the air temperature is, which means that the heat
exchange between air and tube is more completely at the lower velocity.

When the tubes are kept at 0°C (Cases 7-1 to 7-4), and the temperature distribution in the
thermal tank at different air velocity is shown in Fig.7-12. With the increase of air velocity, the
average temperature at the outlet increases. This means heat exchange between air and tubes is
not enough when the velocity is big. For Cases 75 to 78, they have similar temperature
distributions asin Fig.7-12. In this study, velocity at 1m/s, i.e. the equivaent average velocity at
the section is about 0.4m/s, can lead to the lowest temperature at the outlet.
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Fig.7-11. Temperature variation at different air veloctiy when the tubes are
at 0°Cand 7°C
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(c) Temperature distribution at V=3m/s (d) Temperature distribution at V=4m/s

Fig.7-12. Temperature distribution at different air veloctiy when the direct heat
exchangetubesare at 0°C
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Therefore, for the sake of adequate heat exchange, the velocity should be smaller. But this
will lead to bigger areafor heat exchange.

7.3.2.2. Airflow

Veocity distribution
When the velocity at air inlet is 2m/s (Case #2 and Case 76) and the heat exchange
between the air and the tubes reaches balance, the air velocity distribution around the tubes is
shown in Fig.7-13. The maximum velocity occurs at the distance between the tubes and the first

column, and the bigger values also occur near the wall of the air-handling unit.

Airflow direction |={>

Air velocity (m/s)
N
——4.35
—372

—310
——248

——186
——124
062
0.00

Fig.7-13. Didtribution of air velocity around tubes in the heat exchanger when
the velocity at air inlet is 2m/s

For the other cases with different air velocities, the similar distribution can be obtained,
just as shown in Fig.7-13. As the section area of the thermal storage tank is about 1m?, and the
inlet areais about 0.24nT, the maximum velocities and average velocities in the cross section of
different cases are shown in Fig.7-14, which have a linear relationship with the inlet vel ocity.

The bigger velocities occur in the space between columns, while they are smaller around
the front and back surfaces. The maximum velocities occur between the middle 3 rows in the
firgt column. For example, when the average velocity on the section is 1m/s, the biggest velocity
reaches 5m/s for Case 7-2 and Case 7-6. Therefore, these places should be strengthened from

erosion. In addition, the bigger velocities occurs near the vertical surfaces of the tank.
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Fig.7-14. Relationship of maximum velocity and average velocity with inlet velocity

Pressure drop
The pressure digtribution of Case 7-2 and Case 76 is shown in Fig.7-15, the average

pressure at the inlet is about 40Pa to 50Pa, and it turnsto near O at the outlet. The total pressure
drop from the inlet to the outlet is about 50Pa when the inlet velocity is 2m/s.
While the pressure drop between columns is shown Fig.7-16.

Airflow direction |:{>
_ S

Pressure (Pa)

49.3
43.0
36.7
30.4
24.1
17.8
115

54
-1.1

Fig.7-15. Pressure distribution around the tubes when the air velocity
a theinlet is 2m/s
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Fig.7-16. Pressure drop between columnsin Case 7-2 and Case 7-6

Pressure drop in the first column is the biggest, about 15Pa, and the second column is
about 7Pa, while it is about the same from the third column about 4Pa. This confirms that the
tube in the first column should be strengthened.

Although the airflow rate does not affect the heat exchange rate grestly, especialy when
the inlet velocity isin the range of 2 to 4m/s, the pressure drop is astonishingly drops from 10Pa
in Case 7-1 (inlet velocity is 1m/s) to 250Pa in Case 7-4 (inlet velocity is 4m/s). It has a great
effect on the pressure drop from the inlet to the outlet, asis shown in Fig.7-17

300

A P=10.372V?% + 0.2971V + 0.0272
RR=1

< 250 r

200 |

150 r

100 1

Pressure drop (A P Pa

a
o
T

o

0 1 2 3 4 5 6
Velocity (m/s)

Fig.7-17. Pressure drop at different velocity through direct heat exchange tubes
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7.3.2.3. Coefficient of convection transfer

The hesat transfer coefficient is a derived scalar quantity, which is calculated by Equation
(7-5)

h=—" (75

where g is the heat flux for the surface, T,4 is a reference temperature, T is the temperature of
the tube surface.

If the reference temperature is taken as 28°C, the average heat transfer coefficients
around the tubes are shown in Fig.7-18. As it is a scaar quantity, it isindependent on the surface
temperature, i.e. the heat transfer coefficient is the same when tubes are at different surface
temperatures. With the increase of air velocity, the coefficient is increased. And the tubes in the
first two columns have bigger vaue, while the last two columns have the smaller. Generally, it
isin the range of 8-40W/n¥.°C.

Heat transfer Coe. (w/m?.
50

40 -

30

20 r

10

1 2 3 4 5 6 7 8 9 10 11 12 Column

Fig.7-18. Heat transfer coefficient on the surface of tubes

7.3.2.4. Recommended speed

From the points of characteristic of heat exchange and the simulation results of the
pressure drop, the smaler section velocity is recommended because of the completely hest
exchange and low flow resistance. On the other hand, the smaller section velocity will lead to

more area for heat exchange, for example, if the airflow rate is 2000m*/h, when the average
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velocity at cross section is 0.4m/s, the section areais 1.4m?, while it is 0.8 mf when the average
velocity is 0.7m/s. As for the residential house, the machine size is required to be small, thus a
large velocity is necessary.

In this study, the recommend speed at the inlet should be smaller than 3m/s, i.e. the
average velocity at the cross section of the tubes should be smaler than 0.7m/s. Thus the
pressure |oss can be smaller than 100Pa, and the hest transfer coefficient is about 8-35 W/nt.°C.

7.4.Prospect evaluation for thermal storage system in residential house

According to the air conditioning load and hot water load, the proposed system and the
conventional system are compared in terms of energy consumption, annual cost and impact on

environment.

7.4.1. Comparison of electricity consumption

According to equivaent operation time under full load conditions, annual eectricity
consumption can be caculated. Fig.7-19 shows the annual electricity consumption of the
proposed system and conventional system, in which the annud electricity consumption of the
proposed system is 23% lower than that of conventional system. And it also demonstrates
midnight electricity utilization ratio (including air conditioning and hot water supply) of two
systems, the midnight electricity of proposed system accounts for 73.8% of the total, while the

conventional system only 47.9%.

7.4.2. Electricity cost

Electricity cost relates greatly to the electricity contract plan. Regarding to the proposed
system, 78% of the daytime electricity consumption has been transferred to midnight (22:00 to
next 8:00). According to the night 10 plan of KYUSHU Electricity Corporation, the
time-dependent energy cost is a major economic incentive for the use of thermal storage.

Energy a4 for the conventional system depends on the consumption amount based on
plan C while the difference of electricity charge among the three contract plans is listed in
Table 7-6 (Kyuden, 2002). The comparison of energy cost is detailedin Table 7-7. Because most
of the eectricity is used during the nighttime, when the electricity charge is only 30% of the
Plan C, and this can lead to about 42% reduction in energy cost.
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Fig.7-19. Comparison of electricity consumption between the proposed
system and the conventional system

Table 7-6. Electricity charge with different contract plans

Night 10 plan Plan C Midnight plan
Contract plan
¥ ¥ ¥
Basic charge 1100 (<6kVA) 270/1kVA 230/1kW
<120kWh 21.00/kWh 15.45/kWh

Daytime 120~300kWh 27.18/kWh 20.00/kWh -
>300kWh 29.42/kWh 21.65/kWh

Night 6.55/kWh 6.25/kWh
Source: http://www.kyuden.co.j p/elec/denki/ryokin/ryokin/4_index.htm, Sept. 2002

It should be pointed out that according to the Night 10 Plan, the electricity in the daytime
is higher than Plan C If they are the same during the daytime, the proposed therma storage
system will have a greater running cost saving.
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Table 7-7. Electricity cost for two systems

Proposed System Conventional System
Contract capacity BkVA KVA a4kw
Average daytime electrici
d _ v 172.7kWh 448.8 kWh -
consumption
Average nighttime electricity
) 487.4 kWh - 412.6 kWh
consumption
Basic charge 1100¥% 2430% 920¥%
Daytime electricity charge 4694% 9717¥
Nighttime electricity charge 3192¥% 2579%¥%
Total cost 8986¥ 15646¥%

Note: 100 ¥(Japanese Y en) =0.8333 US$

7.4.3. Comparison of annual cost

The annual cost consists of initial cost, maintenance cost, energy cost depreciation fee,
interest, insurance and taxation of the whole project, the later 4 costs can be decided by
Equations (7-8)-(7-11), according to the given interest rate, project life, insurance rate and tax
rate (JBMEEA, 1992b)

Depreciation Cost= Initid Cost” (1- Redundancy)” ; (7-8)
Project Life
Interest = Initid Cost” (ISt Life +1) Interest Rete (7-9)
2" Project Life
Insurance cost = Initid Cost”™ Insurance rate (7-10)

Taxation = Initid Cost” Intertest Rate” ll( 6, %0 ) [ 1

i 1000 1000" ~Project Life (7-10)
+(Proje(:t Life +1)" Interest Rate)+ 14 N 2
2" Project Life 1000 1000)

Detail comparison of the two systems is listed in Table 7-8. Lifetime of the proposed
system is supposed as 15 years and the conventional system as 10 years, because of smple

structure of the proposed heat exchange method.
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Table 7-8. Comparison of cost effectiveness between the proposed system and the

conventional system

Items Proposed plan Conventiona Plan
Project life 15Year 10Year
Redundancy 0.1 0.1
Interest rate 01 0.1
Insurance rate 0.01 0.01
Assessable tax rate 0.7 0.7
Initial Cost (" 10,000Y en) 250 164
Depreciation cost (" 10,000Y en) 15.00 14.76
Interest (* 10,000Y en) 13.30 9.02
Insurance cost (" 10,000Y en) 250 164
Taxation (" 10,000Y en) 3.56 248
Electricity cost (" 10,000Yen) 10.98 18.23
Maintenance cost (" 10,000Y en) 3.75 2.46
Total Annual Cost (" 10,000Y en) 49.09 48.59

From Table 7-8, it can be seen that the total annual cost of the two systems is dmogst the
same. If the lifetime of the proposed thermal storage air conditioning system is assumed to be
20 years, because of its smple structure and low maintenance, its annua cost will be 8% lower
than that of the conventional system. With the popularization of this system, the initial cost will
be reduced, which shows great promise for the proposed system.

7.4.4. Impact on environment

As we know, CO, will be emitted accompanying with electricity consumption. Here we
consider CO, emission caused by electricity consumption is 0.131kg-C/kWh from 22:00 to 8:00
of next day, whichis 10% lower than that caused in the daytime (Hashimoto, et a. 1996). From
Fig.7-20, it can be seen that the CO, emission of proposed system is 25% lower than that of

conventional system.
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Fig.7-20. Comparison of Annual CO, Emission between the proposed system
and the conventional system

7.5.Field experiment

7.5.1. Ted points

tank, water/ice temperature in the copper tubes, airflow rate, and the electricity consumption, etc.

were measured, and the list of test points are shown in Table 7-9.

In the field experiment in the summer of 2001, the air temperature in the therma storage

Table 7-9. Test points of thermal storage air conditioning unit

No. | Point name Quantity | Apparatus Memo

1 Surface temperature of AHU 10 Thermo Couple | Data collector
2 Air temperaturein AHU 6 Thermo Couple | Computer

3 Water/ice temperature in Tubes 3 Thermo Couple | Data collector
4 Supply air temperature/humidity 1 Thermal record

5 Return air temperature/humidity 1 Thermal record

6 Outside air temperature/humidity 1 Thermal record

7 Airflow rate 6 Computer

8 Heat loss 1 Shotherm HFM | Data collector
9 Room air temperature/humidity 6 Thermal record

10 Electricity consumption 1 Electric meter
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And the digtribution of test pointsisillustrated in Fig.7-21.

Electricity meter

Heat pump

Air Temperature Ti

Air Temperature To Air humidity i
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Temperature 1o,

humidity ® oa
flow moa

0A

water
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@__( T ®, ) » O T
© O
O
O1—
Hot water tank Thermal storage air handling unit
Fig.7-21. [llustration of test points in thermal storage system

75.2. Ted results
7.5.2.1. Ice charging and discharging

The experiments show that the ice charging and discharging are redized by the proposed
direct heat exchange method. The situations of the tubes after being charged and during
discharging are shown below. Fig.7-22 (a) shows that the therma tank is charged with ice after
heat pump runs for about 10 hours when the initial temperature of water is 28°C, while Fig.7-22

(b) shows the situation when it is in discharging.

TR

n“":ﬂ.--'

(a) After charged (b) In discharging
Fig.7-22. Scene after charge and in discharging in the thermal storage tank
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7.5.2.2. Temperature distribution

decreasing from 20°C to (°C, i.e. the phase-change point, and then about 45 hours later water
will turnto be ice, finally about 1 to 2 hours later the ice can be dropped to nearly -20°C, until
the heat pump is stopped, according to the setting of operation.

Charging process

In the charging process (22:00 to next 8:00), temperature of water in the tubes drops from
20°C to the lowest nearly -20°C (Fig.7-23), which shows that it takes about 2 hours for water

Because the latent heat of water/ice is much larger than the sensible hedt, it takes more

time in the phase-change.

pump can be effectively used.
Temp. ()
70
6 k- |Temp. of hotwater|
4 r Surface temp. Temp.in
of AHU machine room
30 -
S —— ——)
2 r -
Average temp.
or / in Tank
0 -
-10 Water temp.
in tubes
_20 1 1 1 1 1 1 1 1 1 1 1

While the air in the tank decreases from about 25°C to the lowest of about -3°C. The
temperature in the hot water tank reaches 55°C. This makes sure that the waste heat of heat

2200 000 2:.00 4.00

hour for ice going from -10°C to the phase-change point O°C, and then about 4hours later ice

will turn to water, finaly about 3 to 4 hours later the water temperature increases to 10°C. If

Fig.7-23.

Discharging process

In the discharging process (8:00 to 22:00), temperature of water in the tubes increases
from -10°C to about 22°C, when the stored heat is emptied. Fig. 7-23 shows that it takes about 1

600 800 1000 1200

14:00

1600 1800 20:.00

Temperature variation in a charge-discharge process
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heat pump is not put into operation, the water temperature continues to increase.

The average ar temperature in the tank increases to about 22°C, after the ice in the tubes
is completely melted. And this process takes about 6 hours before the storage is emptied when
the airflow rate is 400-600m°/h.

The discharging speed depends on the air velocity in the tank. As the speed is controlled
by the inverter of the fan, when the frequency decreases from 60Hz to 30Hz, the average
velocity on the cross section of the tank decreases from 0.2m/s to 0.1m/s, the variation speed of
ar temperature in the tank is shown in Fig.7-24.

It can be seen that with the increase of air velocity, air temperature increases quickly. For
example, when it is about 0.2m/s, i.e. airflow rate of about 750m’/h, the discharging time lasts
about 4 hours till the air temperature turns to be 22°C. While the air rate decreases to half, i.e.
about 370n7/h, the discharging rate lasts over 14 hours.

Temperature (
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Fig.7-24. Temperature variation at different airflow rates

7.5.2.3. Performance of the thermal storage system

According to the eectricity consumption of heat pump, air conditioning load, and the
temperature variation, the energy utility of the whole thermal storage system can be anayzed.
The energy consumption by heat pump can be calculated by Equation (7-12)

Qp, =3600E,, (7-12)
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where Ep, is electricity consumption of heat pump (kWh)
The cooling load used by air conditioning system can be calculated by Equation (7- 13)

th =r a(vsa - voa)(hra - hsa) +r avoa(hoa - hsa) (7'13)

where \7Sa isairflow rate of supply air (m’/s); Voa is airflow rate of outside air (n/s); r ,isthe
dengity of air; hg, is enthalpy of supply air (kJkg); h., is enthalpy of outside air (kJ/kg).
The energy absorbed by hot water can be calculated by Equation (7-14)

Qhw = Chwrnhwu (7'14)

where Cy,, is specific heat of water (kJ/kg.°C); my, is hot water mass in the tank (kg); Dt is the
temperature increase in hot water tank (°C).

The energy utilization on August 1 is shown in Fig.7-25. As heat pump works at the
100% load in the nighttime from 22:00 to next 8:00 to charge the thermal storage unit. From
10:00 to 15:00, it continued to work for both thermal storage and cooling load.

While air conditioning uses the storage ice from 9:00 to 22:00, hot water is used from
7:00 to 9:00, and in the afternoon from 13:00 to 20:00.

It should be pointed out that because the heat pump continues to work from 10:00 to
15:00, the charged heat provides air conditioning till 22:00. Otherwise, the stored heat will be
emptied before 18:00.

Besides, there is about 30% heat loss in the system, which accounts for alarge part of the
energy consumption.

From the above data, the effective utility for air conditioning and for the whole system
can be defined as

h =S 1000 (7-15)

ac
hp
and

h :Qac+Qhw'

hp

100% (7-16)

where h refers to the energy used by air conditioning, and h refersto the total energy utility.
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And the performance of the whole system is shown in Fig.7-26. As the maximum COP
for ar conditioning is 0.6, about 0.3 for hot water, and the total COP of 0.85, and they have the

same decreasing trend with the time going.
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Fig.7-25. Energy utility analysis on August 1,2001
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Fig.7-26. Coefficient of performance of the whole system

7.5.3. Exigting problems and prospect analysis

Existing problems

The reasons for low COP can be analyzed as follows:

The ae main reason is the heat loss of the thermal storage tank because of inadequate
insulation. As dewdrops occur on the exterior surfaces when the temperature becomes low in the
tank. This leads to very large amount of heat loss. According to measurements, the heat loss
reaches 25-30% of the total.

The other reason is that hot water has been used every day because of less demand in the
summer for only one resident. As the temperature of hot water keeps over 50°C, it is quite high
comparing with the temperature of waste heat. Therefore the waste heat can be effectively used,
and thislead to the low COP for hot water producing.

And the leakage of tubes is also found during the experiment because of manufacture.
With the time going, the number of leaked tubes increases, which leads to the decrease of COP.

Prospect anaysis
If al these problems are settled, the COP for air conditioning will be increases to 0.7-1.0,
and the COP for hot water producing will be up to 0.6-1.0, therefore the totd COP of this
system will be increased to 1.3-2.0. Under this expectation, the energy flow in Fig.7-25 for
August 1 can be recalculated asin Table 7-10.
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Table 7-10. Energy flow on August 1

_ Electricity Consumption (kWh)
Quantity
Load Proposed storage plan Conventiona plan (kwWh)
kW Nighttime Daytime Daytime
AC load 12.4 5
12 7
Hot water load 131 16.4

Note: COP for air conditioning of the conventiona plan is 2.5 considering of the part load rate,
and the COP for hot water supply is0.8.

The energy conservation and decrease of energy cost are shown in Fig. 7-27 and Fig.7-28.

kwh 30

2 r Energy saving 11%

20 v

15 L Daytime
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Fig.7-27.  Energy conservation of the proposed system (in one day)
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Fig.7-28. Energy cost saving of the proposed system (in one day)
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Although there is only about 10% energy saving, the energy cost reaches 38%, and the
electricity priceis the same asin Table 7-6. Furthermore, the 10% energy saving will lead to the

same part of decrease of emissions.

7.6.Summary and Conclusion

In this chapter the therma storage air conditioning system with direct heat exchange
method is proposed for future residential house. With the increase of cooling load because of the
SOHO applications, it is necessary to use the thermal storage system in residential houses.

According to the simulation and experimental results, the proposed therma storage
system is confirmed to be effective for residential house.

The direct heat exchange method for thermal storage is available for ice freezing and
melting in the tubes, and the conventiona air handling unit and thermal storage tank can be
combined into a thermal storage air conditioning unit. This method for direct heat exchange
works successfully in the summer.

According to the experiment, it takes about 10 hours for the proposed therma storage
tank to be fully charged, and the discharging time depends on the airflow rate. When the storage
isfull, the lowest temperature of supply air reaches 6-10°C.

Heat pump can meet both of the air conditioning load and hot water load in the summer,
as the waste heat is recycled for hot water supply. Therefore the performance of the proposed
system is high theoretically. Although there are some accidents in the field experiments, such as
the large amount of heat loss, and the leakage of the tubes because of manufacture process,
accounting for all these unexpected points, the whole system has a coefficient of performance of
about 1.3-2.0.

Compared with the conventiona system of room air conditioner and electrical hot water
heater, the proposed plan has about 10% energy saving. As the proposed system uses about
60-70% electricity in the nighttime, and this will lead to 38% energy cost because of the low
electricity price in the nighttime.

The proposed system will aso cut down the emission of CO,, SO,, NO, because of the
energy saving.

The energy system as an auxiliary for the whole hybrid air conditioning system provides

an active method for air conditioning when the outdoor conditioning is unavailable for direct
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use through the passive system. This, on the other hand, increases the reliability and safety of
the hybrid air conditioning system.
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CHAPTER 8
CONCLUSIONS

With the information technology (IT) revolution and the improving requirement for
indoor air environment, the energy consumption for household air conditioning has increased. In
order to realize the thermal comfort and energy conservation of air conditioning in residential
houses, a hybrid air conditioning system, which is an integration of passive air conditioning and
active ar conditioning system, has been proposed for an experimenta house and its
effectiveness has been verified. The double skin system derived from the corridor space in the
traditional Japanese Folk Dwelling is studied as an example of passive air conditioning method,
and its effectiveness of natural energy utilization is analyzed. The displacement vertilation
system, which supplies cold air only to the occupied zone, is studied as one means of energy
saving of active air conditioning. In addition, the thermal storage system, which aimsto use the
cheap night electricity, is proposed as an available method for the heating/cooling sources. The
effectiveness of this hybrid system is assessed by CFD simulation and field measurements.

In Chapter 1 Introduction, according to the investigation on the energy consumption in
residential houses, the reasons for he increase of energy consumption, especialy for air
conditioning are explained. And the conventional research on energy conservation and indoor
environment is overviewed. For the sake of energy conservation, occupancy heath and easy
operation, the importance of the proposition of a new air conditioning system for residential
houses is emphasized. At last, it points out that the passive system, such as the double skin
system and efficient air conditioning system, such as displacement system and thermal storage

will be good solutions for residential houses.

In Chapter 2 Concept of Hybrid Air Conditioning System and its Plan for Residential
House, definition and targets of hybrid air conditioning system are presented. It points out that
the hybrid air conditioning system aims a energy conservation, occupant hedthy and
convenience for operation, with the integration of passive air conditioning system and efficient
active air conditioning system. According to the current technology, the double skin system,
which is one example of passive system, displacement ventilation system, together with ice
thermal storage system, which is the improvement of active air conditioning system, are adopted

successfully in an experimental house in Kitakyshu. The details of the experimental house and
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its hybrid air conditioning system are also introduced.

In Chapter 3 Simulation on Natural Energy Utilization n a Residential House with
Double Sin System, compared with the conventional house without double skin system, the
effectiveness of double skin system in residential house is verified according to the simulation
in summer and winter. Considering the weather conditions of Kitakyushu, because of the
interior shading effect and stack effect, natura ventilation is promoted in the double skin system,
the temperature stratification in the vertical direction is verified, with the temperature gradient
of about 0.51°C/m, and about 10% solar radiation in the south direction can be exhausted
directly. Compared with the conventional type, the cooling load in 1F room has a cut of 16%,
while the cooling load in 2F room has a cut of 15%. During the winter, as the solar radiation
from the south direction can be introduced into the rooms, the peak of natural temperature can
be about 10°C higher than the outside air, while the temperature in the double skin is more
higher, which exceeds 30°C. The hesating load in the 1F room has a cut of 23%, while the cut of
heating load in the 2F room is greater, of about 30%. Therefore, the energy conservation of
double skin system is appraised by simulation.

In Chapter 4 Field Experiment of Double Skin System in the Experimental House, the
effectiveness of the double skin system is further verified according to the field experiments in
the experimental house in Kitakyushu. In summer, the stack effect is observed in the double skin
space with the temperature gradient of 0.5-1°C/m in the vertical direction. About 10-25% solar
radiation is exhausted by natural ventilation, and this leads to 15-20% energy saving in cooling
in the 1F room, while it is a little smaller in the 2F room of about 10%. In winter, with
introducing more solar radiation, room air temperature becomes 5-10°C higher than outside air
temperature, while the air temperature in the double skin space is much higher, of about 20°C
higher than the outside air. Therefore the heating load in room has a cut of 20-30%, comparing
with the conventional house, because of the green house effect in the double skin system. The
results of experimental measurement accord with the smulation results in Chapter 3 quite well.
In the intermediate seasons, the indoor environment can be greatly improved by ventilation or
adjusting the opening area (including windows) without active air conditioning, and the
subjective experiment shows that the occupants are willing to use this system because of the

convenience for operation.
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In Chapter 5 Evaluation of Displacement Ventilation System in a Residential Room by
CFD Smulation, the improvement on active air conditioning is proposed, and the effectiveness
of displacement system is verified by smulation. Cases of different air change rate, different
inlet/outlet positions and diffuser character are carried out in a residential room, and the energy
consumption for cooling and the thermal comfort in the occupied zone are analyzed. According
to the simulation results, athough the air temperature is dratified in the vertical direction, this
may not have an effect on therma comfort in the occupied zone with suitable air supply.
Compared with the mixing system, the displacement ventilation may cut down 12-26% of the
cooling load, and the outlet of return air set at alower position may lead to more energy saving.
Moreover the displacement ventilation system has a better air change efficiency, which is 30%
higher than the mixing system. In addition, the swinging diffusers will be helpful for ar
distribution, especialy when there are some partitions in rooms. Therefore the availability of the

displacement ventilation system is predicted.

In Chapter 6 Field Experiment of Displacement Ventilation in a Residential Room, the
availability of displacement air conditioning system is further verified. The experimental results
show that air temperature is stratified in the vertical direction. It is 26-28°C in the occupied zone
(below 1.8m), and about 22C greater above 1.8m. The temperature gradient is about 2-2.5°C/m,
which is smaller than the recommendation of 1SO7730. PMV isin the range of -0.5 to 0.5 under
1.4m, which means comfortade environment is realized. The average CO, concentration is
600ppm in the occupied zone, while it is 200ppm greater near the celling, and this shows the air
change efficiency of the displacement system is better. When return outlet is set a 1.8m high,
heat is exhausted from ceiling and the cooling load is about 50-60W/nT, which is 20-30%
smaller than that of conventional mixing system. In addition, the smulation results in Chapter 5
have a good accordance with the measured values, as the correlation coefficient for temperature
is 0.95, and 0.82 for air velocity. Therefore the effectiveness of displacement ventilation is
verified. As to improvement on the active air conditioning system, the introduction of
displacement ventilation will lead to energy conservation, good environment and better air

change efficiency.
In Chapter 7 Effectiveness of Thermal Sorage System in a Residential House, the

improvement on heating and cooling system is studied. In order to make use of midnight

dectricity, the proposed thermal storage system uses heat pump uses to produce ice, and store
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the ice for air conditioning in the next day. Furthermore, the waste hest is used for hot water
supply, and al these lead to a higher coefficient of performance. As the direct heat exchange
between air and ice is adopted in the thermal storage system in the experimental house, the
performance of this system is anayzed by smulation. From the results, electricity consumption
of suggested system is 23% lower than that of conventional system. About 40% energy cost can
be saved and 25% CO, emission can be cut down because of the nighttime operation and heat
recovery. Suppose the life of the equipment as 20 years, the sum of initial cost and running cost
of these two systems is amost the same. The experimental results in summer show that the
direct heat exchange is available, and the performance of the therma storage system will go up
with the predictions if the heat loss is smdl. Therefore, the therma Storage system, as
improvement on the heating and cooling devices in active air conditioning system, is verified to
be available for energy conservation, and it will make contribution for the improvement on the

global environment.

In Chapter 8 Conclusions, the whole summary of this thesis is presented. With the
simulation and experiment, the proposed hybrid air conditioning system makes the best use of
natural energy by the means of double skin system, and it further cuts the energy consumption
of ar conditioning system by the way of displacement ventilation and therma storage

technology. This hybrid system is verified to be effective in the residential house.

Further study will go on, considering the specific geography and climate conditions for
different projects, the detail composition of the hybrid air conditioning system will be different,
especially the passive air conditioning system. To make the best use of the renewable energy,

such as solar radiation, light, and winds, is the key point of the passive system.

As to the improvement of active air conditioning system, the task ambient air
conditioning system will be another good solution, but its implication and its impact on thermal
comfort should be paid enough attention. As to the thermal storage in residential house, the size

of the storage tank and the efficiency of the whole system in operation should be emphasi zed.
The most important point of the hybrid air conditioning system is to make the best use of

natural resources and cut down the most nonrenewable energy consumption. In ader to fulfill

this goal, the occupants in the rooms should not be neglected. On the contrary, a successful
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hybrid air conditioning system should consider the participation of the occupants, let them

control the environment, and adjust the environment to meet their own requirements.

- 207 -






REFERENCE

AlJ. 1980. Handbook of Architecture-1 Urban planning. Architectura Ingtitute of Japan.
Maruzen Co. Ltd., Tokyo. pp.925

ASHRAE. 1995. ASHRAE Handbook-HVAC Applications (S| Edition). American society of
heating, refrigerating and air conditioning engineers, Inc., Atlanta. pp. 3.20-21

ASHRAE. 1996. ASHRAE Handbook-HVAC Systems and Equipment (S| Edition). American
Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc., Atlanta. pp. 8.14-15
ASHRAE. 1997. ASHRAE Handbook-HVAC Applications (I-P Edition). American Society of
Heating, Refrigerating and Air-Conditioning Engineers, Inc., Atlanta. pp. 3.22

ASHRAE. 2001. ASHRAE Handbook-Fundamental (SI Edition). American Society of Heating,
Refrigerating and Air-Conditioning Engineers, Inc., Atlanta. pp. 3.8, 8.22, 29.15-29.20, 29.38
ASHRAE. 2001. ASHRAE Handbook. American Society of Heating, Refrigerating and
Air-Conditioning Engineers, Inc., Atlanta. pp.26.10-26.11

Akasaka, H. 1998. Wesather data for Energy Analysis and Design of Air conditioning system
(WEADAC) Program, http://the.aae.kagoshima-u.ac.jp/weadac.html

Akasaka, H. et al. 2000. Extensive AMeDAS Climate Data. (CD-ROM) Architecture Ingtitute of
Japan, Tokyo.

Brager, G. S. and de Dear, R. 2000. A standard for natural ventilation, ASHRAE Journal 42(10):
21-28

CIBSE. 1997. Natura ventilation in non-domestic buildings-applications manual AM10:1097,
The Chartered Institution of Building Services Engineers, London.

Chen, Q. and Xu, W. 1998. A zero-eguation turbulence model for indoor airflow simulation,
Energy and Buildings 28 (2): 137-144

Committee of Speciation on New Standard for Residential Houses. 1998. New Standard and
Guidance for Energy Conservation in Residential Houses, Ingtitute for Building Environment
and Energy Conservation, Tokyo. pp.109-111

Crawley, B. D., Lawrie, K. L. et a. 2001. Engergy Plus. creating a new-generation building
energy simulation program, Energy and Buildings 33 (4): 319-331

ECCJ. 2002. Catalog of air conditioner for houses (Summer of 2002). The Energy Conservation
Center of Japan. http://www.eccj.or.jp/catal og/2002s-Hair-con/index.html

Fiorino, D.P. 1994. Energy conservation with thermally sratified chilledwater storage.
ASHARE Transactions 100(1): 1754-1766

- 209 -



Fluent Inc. 2001. Airpak 2.0 User’s Guide. pp. 1.2-1.9, pp. 18.1-18.13

Furubayashi, T. et a. 2001. Sendai Mediatheque, The Magazine of Building Equipment 52(5):
29-37

Hashimoto, T., Sato, M. and Nohara, F. 1996. Environmental assessment of building systems.
Journal of the Society of Heating, Air Conditioning and Sanitary Engineers of Japan 0 (2):
23-36

Hensen, J  2002. Modding and smulation of a double-skin fagade system,
http://Aww.bwk.tue.nl/fago/hensen/publications/02_ashrae_dskin.pdf

IBEC. 1985. The Design of Passive System for Residential House. Ingdtitute of Building
Environment and Energy Conservation. Maruzen Co., Ltd., Tokyo. pp.8, pp.11

IBEC. 1997. Manua of SMASH for windows Ver.2. Inditute of Building Environment and
Energy Conservation. Tokyo.

IEEJ. 2002. EDMC Handbook of Energy & BEconomics Statistics in Japan. The Energy
Conservation Center, The Ingtitute of Energy Economics, Japan, Tokyo. pp. 75-77, 83, 85

Ikeda, K. 1996. Resaults of research on comfortable and heathy indoor environment.
http://www1.mhiw.go.jp/houdou/0807/0716-1.html

Inoue, U. 1996. Handbook of air conditioning. Maruzen Co., Ltd., Tokyo. pp. 5

JBMEEA. (Japan Building Mechanical and Electrical Engineers Association) 1992a. Building
Equipment Design Manual 2Water Supply and Drainage Technical Publishing Press, Tokyo.
pp.52-54

JBMEEA. (Japan Building Mechanical and Electrical Engineers Association) 1992b. Building
Equipment Design Manua 1-Air conditioning, Technical Publishing Press, Tokyo. pp. 356-357
JBMEEA. (Japan Building Mechanical and Electrical Engineers Association) 2000. Building
Equipment Design Manual for Apartment. Ohmasha Co., Tokyo. pp.377

Jackman, P. J 1991. Displacement Ventilation. CIBSE National Conference, Chartered
Institution of Building Services Engineers, London.

Kanemori, Y. 2002. Reuse and recycling rate of a case study house. J. Archit. Plann. Environ.
Eng., AlJ. No. 555, pp. 123-129

Kimura, K. 1997. Fundamenta Theories of Building Services. Gakkensha Co. Tokyo. pp.
98-100

Kyuden, Co. 2002. http://www.kyuden.co.jp/elec/denki/ryokin/ryokin/4_index.htm, Sept. 2002
Matsumoto, H. et a. 2002. Field measurements method for ventilation effectiveness in rooms.
Journa of the Society of Heating, Air Conditioning and Sanitary Engineers of Japan 76 (1):

-210-



84-93

Mundt, E. 1994. Contamination distribution in displacement ventilation — Influence of
disturbances. Building and Environment, 29(3)

Murata, T. 1997. Displacement ventilation system design. Journal of the Society of Heating, Air
Conditioning and Sanitary Engineers of Japan 70 (8): 597-602

NCAC. 1998. Investigation on Healthy House-according to the Questionnaire on Indoor
Environment in Public Houses from House Makers. National Consumer Affairs Center of Japan,
Tokyo.

Nakagjima, Y. 2000. Residentia system for low environment and resources circulation. Doctoral
thesis, Waseda University, Tokyo

Ohga, H. 2001. Performance of windows (part 5)-Towards an amost transparent building.
Journal of the Society of Heating, Air Conditioning and Sanitary Engineers of Japan 75 (10):
887-892

Ohnaka, T. and lkeda, K. et d. 1996. An experimental study on therma comfort under the
stratified air conditioning system. Proceeding of Research Meetings of Society of Heating, Air
Conditioning and Sanitary Engineers 1996: 593-596

Ojima, T. 1995. Units of Energy Consumption for Buildingsin Tokyo. Waseda University Press,
Tokyo. pp. 49, 152, 154,168,174, 175

Oka, T. 1984. Passive systems for solar heating and cooling, Part 2 Evaluation of Performance
of the Double skin. Journa of the Society of Heating, Air Conditioning and Sanitary Engineers
of Japan 24 (2): 59-65

Olesen, W. B. 2000. Guidelines For Comfort. ASHRAE Journd 42 (8) : 41-46

SOHO Think Tank. 2001. SOHO White Book. Doyukan Co., Tokyo. pp. 77

Samet, J. M. et a. 1988. Hedth effects and sources of indoor air pollution, part 2. American
Review of Respiratory Disease 137: 915939

Schlichting, H., (Translated by Kestin, J) 1979. Boundary-Layer Theory (Seventh Edition).
McGraw-Hill, Inc. pp.475, 605

Schoenwetter, W. F. 1997. Building a healthy house. Annas of Allergy, Asthma & Immunology
79(1): 1-4

Skistad, H. et al. 2002. Displacement ventilation in non-industrial premises. Rehva, Federation
of European Hesating and Air-conditioning Associations, Brussels, Belgium. pp.47

Statistics Bureau, Ministry of Public Management, Home Affars, Posts and
Telecommunications, Statistical Information Ingtitute for Consulting and Anaysis. 2002.



Population Census of Japan in 2000. Volume 1, Sex, Age and Marital Status of Population,
Structure and Housing Conditions of Households (CD-ROM). Japan Statistical Association,
Tokyo.

Svenson, A. G L. 1989. Nordic experience of displacement ventilation systems, ASHRAE
Transactions 89 (1): 1013-1017

Tanabe, S. and Kimura K. 1996. Comparisons of ventilation performance and thermal comfort
among underfloor, displacement ventilation, and ceiling diffuser systems by experiments in a
real sized office chamber. ROOMVENT 96: 299-306

Yan, Q. et a. 1986. The Process of Therma Transfer in Buildings, Chinese Construction
Publish House, Beijing. pp.134

Zhang, Q., Ishihara, O. and Hayashi, T. 1997. Development of residence with solar heating,
earth cooling and air circulation, ASHRAE Transactions 1997 Part 1. pp. 333-341

-212 -



APPENDIX 1. ABSTRACT (IN JAPANESE)

1/4

SOHO

-213-



10 30

15

10 15 20 30

0.5 1 /m 10
12

30
23
24
20 10

- 214 -



1 7/
12/
0.5clo
14%
12
6
(1.8m ) 26 28
2 2.5 /nm
0.95
20%
1.0Met 0.5clo
600ppm 800ppm
10 15

1.4m
50 60W/m?

2.4m

26

1.8
1507730

co,

co,

20 30

-215-

2.6W/m?

/m

350ppm

PMV

0.5

1.8m

1.25

€02

0.25 /
0.85
PMV

10
1.0met
-0.5 0.5
1.8m
60 /m?



50

40

8 40 /

Co,

2

0.5

25

-216-

23

20



1985
1988
1988
1992
1995
1998
2000

1992
1995
1998
2000

1989
1996
2000
2001

2002

APPENDIX 2. RESUME (IN JAPANESE)

162-0041

(Lei XVU)

1970 10 15 32

AW b~ NJO N O

= &~ 00 0o

12
10
4 100

-217-

51

564-305

TEL

03 3203-6817






APPENDIX 3. RESEARCH EXPERIENCE (IN JAPANESE)

Simulation on Therma Comfort and Energy Conservation for displacement
ventilation in a Resdentid Room-Effect of air change rate and postion of air

inlet/outlet, , No0.565, 2003 3
Le Xu, Wejun Gao, and Toshio Ojima

Validation of Displacement Ventilation System in a Residential Room, Journa of
Asian Architecture and Building Engineering, , Vo.1 No.22
pp.87-92 (2002), Lai Xu, Weijun Gao, and Toshio Ojima

Study on the Installation of Therma Storage System in Residential Houses,
Journa of Asian Architecture and Building Engineering, , Vol.1
No.1, pp. 113-118 (2002) Lei Xu, Takashi Yagi, Weijun Gao, and Toshio Ojima

Effect Of Air Outlet Position For Displacement Ventilation In A Residentia
Room, Proceedings of 4th International Symposium on Architecture Interchange
In Asia, Chongqing, China, pp.629-632 (2002), Lei Xu, Weijun Gao, and Toshio

Qjima

Study on Thermal Environment Evaduation in the Centra Business Didtrict of
Shanghai, Proceedings of International Symposium Air Conditioning In High Rise
Buildings' 2000, Shanghai, China, pp.551-554 (2000), Lei Xu, Weijun Gao,
Penglin Zhao, and Toshio Ojima

-219-




Resear ch Experience (Continued)

1997 3 pp.l5

1998 1 pp.-25-30
D-2 pp.1043-1044
2002
pp.7 10 2002
ppll 14 2002
2001 pp.473 476
2002
2001 pp469 472 2002

-220-




Resear ch Experience (Continued)

2001 pp409 412 2002
2001 pp.181 184 2002

D-2 pp.1113 1114 2001

D-2 pp.1113 1114 2001
D-2 pp.1115 1116 2001

2000 200  pp.369
372
D-1 pp.685 686 2000

-221-







APPENDIX 4. COMMITTEE REPORT ON EXAMINATION OF CANDIDATE
FOR THE DEGREE OF DOCTOR OF ENGINEERING (IN JAPANESE)

Effectiveness of Hybrid Air Conditioning
System in a Residential House

Lei XU

2003 3

-223






1/4
(SOHO)

-225-



16 15

10 15 20 30
4
10
15
31

15
5
2.4 1.8 14%

12 26

1.25

6

-226-



20

1.8 2
0.25 /
0.5clo
1.8
20 30
10 15
7
40 Co
8

25

-227-

23

1.8

2 25 /

20
-0.5 0.5

60 70 /

2

26

met
Co

2003

28

3



