Design, build and test a passive thermal system

for a loft

A roof solar chimney application for South African weather conditions

Lauren Margaret Beviss-Challinor

Project report presented in partial fulfilment loé requirements for the degree of

Master of Engineering at the University of Stellesth

December 2007



Design, build and test a passive thermal system

for a loft

A roof solar chimney application for South African weather conditions

Masters of Engineering Project

Lauren Margaret Beviss-Challinor
Department of Mechanical Engineering

Stellenbosch University

Supervisor: RT Dobson

Final Report

December 2007



EXECUTIVE SUMMARY

The design, construction and testing of a passhexnial system, a roof solar
chimney, for a loft is considered. Unlike convenab solar chimneys the solar
collector is constructed from corrugated iron rsbgets with the aim that it can be
integrated into existing buildings at a lower costsused in low cost housing
developments. The main objective of the study veasldtermine the feasibility of

such low-cost design to regulate thermal conditiona loft, that is heating the loft

during winter and enhancing natural ventilationigrsummer, by carrying out an

experimental and analytical study.

The results obtained from the experimental studywsld that for winter the solar
chimney, having a channel width, depth and lendtt0.@ m, 0.1 m and 1.8 m
respectively and with a peal solar radiation of 880n’, heated the room air &
higher than the ambient temperature during theebbteriods of the day, which is
only marginally better than a loft with conventibmaof insulation. At night, it was
found that reverse airflow occurred through thengoiey, cooling the loft down to
ambient temperature, due to radiation heat los® fitee roof collector to the night
sky. For summer operation, the experimental dabavet that the chimney was able
to maintain the loft at ambient temperature and ahalytical study found that the
chimney was able to enhance natural ventilatioecgéffely, reaching air exchange
rate of 6.6 per hour for the 4.6°wolume space. It was also found that the chimney’s
performance dropped rapidly and significantly dgrperiods of low solar radiation
and at night. A sensitivity analysis illustratedathfor both summer and winter
operation, the size, tilt angle and absorptivitytted roof collector greatly effected the

efficiency and mass flow rates of the system, aggeeell with other literature.

These results prove that this low cost solar chymreoling design was feasible to
enhance natural ventilation mainly during hot summenditions with high solar
radiation. Compared to a loft with only conventibr@of insulation, the chimney did
not perform effectively during the winter to heaetloft up, meaning that winter
operation for this specific design is not feasiltessible improvements to the design
include using construction materials with higheerthal capacities to retain heat



energy and ensure continued operation during perddow solar radiation, as well
as using selective absorber coatings on the collesttrface. It is recommended that
further work on the project include the integratiohthese improvements into the
present design and to use the findings obtainerh fthe sensitivity analysis to
improve system efficiencies. CFD analysis of thst-teg will be insightful as an
additional means to validate and compare with thayaéical and experimental data

obtained in this report.

With the continuation of these studies, this lowtceolar chimney design can be
optimised, validated on a commercial scale andt lIntib existing and new housing
developments. Incorporating such a passive thedmate will aid homeowners in air
regulation and thermal comfort of their living spaas well as saving on energy

requirements.
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NOMENCLATURE

Dhyd

Nu

Pr

Ra
Re

surface area, M

cross-sectional area’m

friction factor

constant pressure specific heat, kJ/kg K
constant volume specific heat, kJ/kg K
roof thickness, m

diameter, m

hydraulic diameter, m

channel control volume length, m
channel control volume depth, m
channel control volume width, m
gravitational acceleration, m/s
incident solar radiation, W/m
convection heat coefficient, WATC
thermal conductivity, W/m °C
length, m

equivalent length, m

mass, kg

mass flow rate, kg/s

number of control volumes
Nusselt number

pressure, Pa

Prandtle number

total heat transfer, kJ
heat transfer rate, W

gas constant, kJ/kg K
Raleigh number
Reynold’s number
time, s

thickness, m
temperature, °C or K

vii



Greek

AP
AT

At

€

¢
Hthermal

Nflow enhancing

0

M
p
o

~

c

g € =

Subscripts

abs
avg

b
conduc
convec

down
dp

velocity, m/s

volume, ni

absorptivity

volume expansivity, 1/K

pressure drop, Pa

temperature difference, °C or K

time period, s

emissivity

solar insolation geometric factor
thermal efficiency for winter operation
flow enhancing efficiency for summer operation
roof inclination angle, °

dynamic viscosity, kg/ms or Nsfm
density, kg/m

Stefan-Boltzmann constant

shear stress, N/fm

kinematic viscosity, fifs

relative humidity

sun azimuth angle, °

sun altitude angle, °

absorption
average
bottom
conduction
convection
below surface

dewpoint
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e ambient conditions
f roof

i i component

in flowing in

m channel

out flowing out

r space or room
room space or room
) insulation

) side

S summer

] start time

to end time

up above surface
w winter

Superscripts

quantity per unit time

average
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1 INTRODUCTION

Thermal comfort is a very important aspect in oaiydlives. Up until now thermal
comfort was mostly achieved using mechanical mesush as heaters and air
conditioners which require large amounts of enamgput, while in the developing
countries, charcoal and other more crude form®ssif fuels are burned for warmth,
which is both detrimental to the environment andptmople’s health. In light of
today’'s increasing energy shortages, rising oilcgwi and concerns for the
environment however, more emphasis has been towasiEve means of achieving
comfort levels, mostly mainly through the increased of passive thermal systems in

architectural styles to suit the relevant environtne

Passive thermal systems use natural ventilatianrasans of transferring heat from a
building to the environment, through vents in thallsy Ultimately, the success of
ventilation would then depend on air change ratesrder to regulate the room’s
temperature. Bansat al (1993) describes the effect of ventilation causgdhermal
forces and emphasises that in order for sufficéénthanges per day to occur one of
two conditions must be met: there must either balsstantial difference between the
indoor and outdoor temperatures or there mustlagga vertical distance between the

vents to ensure a pressure difference to indudéoir

Harnessing solar energy is one method of inducargel temperature and density
differences between the outside environment and itimer building envelope,

resulting in appreciable airflow changes. Solargynés particularly suited because of
its complimentary nature: the hotter the weatherrttore solar energy is available for

absorption and the larger the temperature diffee@nd induced air-change rates.

The rate of incident solar radiation in South Adris one of the highest in the world,
confirmed by the Renewable Energy Ann(895) “the annual 24 hour global solar
radiation average is about 220 W/m?2 for South Africompared to about 150 W/m?
for parts of the United States and about 100 WimEurope and the U.K.”, yet little
effort has gone into harnessing this energy for thermal comfort needs. With

mostly clear skies all year round, South Africatstgmtial for using solar energy in
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both summer and winter is substantial, which caoigrove the country’s energy,

social and environmental problems in a sustainaiaener.

There are many methods of using solar energy fesipa thermal applications. One
of the most popular of these systems is the conckhe solar chimney used for
enhancing natural ventilation or inducing air chesithrough a living area using solar

energy as input power.

Usually, solar chimneys are built vertically astpafrthe exterior walls of a building,
and are therefore a premeditated design forming @athe original construction
plans. A solar chimney consists of two parts: thiarscollector (the section that heats
up due to the absorption of solar energy) and thmmey section, which forms a
channel for the airflow. The solar collector is piosed to the outside of the building
to absorb solar energy. There is usually an opeairige bottom of the chimney into

the house.

Air is heated inside the chimney and its densitgrel@ses. The inside house air
however remains at a lower temperature and is gules¢ly more dense than the
chimney air. The density difference between thencigly and the inside air causes
movement of air from the region of higher densitydwer density, meaning air from

the inside room flows into the bottom of the chimrand forces the warmer air out
into the atmosphere (see Figure 1.1). There indteent on the south side of the
room which then allows cooler air to enter the thad) due to the chimney suction

effect. If the air change rates are large enoughrdaom will be well ventilated.

Solar chimneys can also be used to ventilate alpddo®l down lofts and attics using
the same concept. Since the vertical walls of &ie ate not very high or in most
cases non-existent, a solar chimney built at aim@as part of the roof must be used.
The concept is exactly the same as a vertical abynaxcept that the chimney is of
course positioned at the angle of the roof, andequently the inclination angle will
play a role in the air flow rate of the chimneyvesll as the exposed area for solar
absorption. Again, solar chimneys used in roofsmaostly premeditated designs and

require that parts of the roof be constructed a$gl which pushes up costs.
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Figure 1.1: Solar chimney as part of the exteriall wf a building

Perhaps cost is part of the reason that passitensgshave not been very popular
especially in a developing country like South AdriAs seen above, passive thermal
devices require expensive glazing and selectiverpben coatings for increased
thermal performance. However, if a cost effectiysteam using cheaper materials
could be designed, tested and found to be therre#fidgtive, this will certainly have

more appeal, especially to the poor, to satisfyr thermal comfort needs.

This report discusses the design and testing df aubermal system; @st-effective
solar chimney built into and used to ventilate & for both summer and winter
operation.

2 OBJECTIVES

A solar chimney constructed at an incline inside ¢brrugated iron roof of a loft will
be tested with regards to enhancing natural ai ftor cooling the loft in summer and
recirculating warm air for heating in winter. Thesults will be compared to two other

set-ups: a loft having only a single layer of rawdulation, for instance Isotherm™
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(Brits, 2007), installed beneath the corrugated mad one without any insulation, to
determine the thermal effectiveness of the dearghits suitability to South African

climate conditions.

The design of the solar chimney will focus on siitipl and keeping costs at a
minimum, hence it will differ from conventional chney designs shown in
Figure 2.1. The proposed chimney section consisésamrrugated iron roof, air gap,
thermal insulation and ceiling board to create anciel for air flow, as shown in
Figure 2.2. The design will use the sheet of cated iron as the solar collector as

opposed to the glass and absorptive plate of wasns.

Glazing

Air flow
Solar energy

Air channel

Absorber

Figure 2.1: Sketch of conventional chimney design

Corrugated iron plate

Solar energy (collector)

Air flow

Air channel

Insulation

Figure 2.2: Sketch of proposed chimney design
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The solar chimney enhances natural airflow throtighloft in a similar manner as
explained earlier for vertical chimneys (refer tgute 2.3 below). In this design the
sun’s rays heat the corrugated iron, which in wilhtransfer energy to the air in the
channel of air causing the air to expand and deer@a density. The difference in
densities between the chimney air and the loft es@ac will cause movement of air
from the loft into the chimney, forcing the warnaer out of the chimney at the top.
The warm air will either be released to the surtbng environment through a vent at
the apex of the roof in summer, or, with the apemt\closed off, re-circulated into the

loft during winter.

Summer

Air flow
AP
N
\/

Solar Energy

Heat transfer
by convection
and radiation

Mass flow rate determined by difference in
densities pspace'pchannel

Figure 2.3: Principle of roof solar chimney concept

This project will focus on comparing the temperattgadings obtained from the three
separate compartments of the test-rig, where aipégature measurements will be
taken from certain demarcated spots in the lofi, amalytical results from a computer
model simulation of the test-rig. One of the impott things to determine is the
overall effectiveness of the thermal system in canson to the conventional design
of Figure 2.1, and whether the design is an improa@ to a roof with insulation but

without a solar chimney.
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The thermal effectiveness as stated here refetiset@fficiency of the entire system,
which, in the winter, since the aim is to heat them up as much as possible, is the
ratio between the amount of solar energy strikivegdorrugated roof over a period of
time compared to how much of that energy is transfeto the air in the loft space,

by the movement of air. This can be mathematicalyesented as,

Mihermar = % (2.1)
where,m is the mass of the air in the roo@®, the specific heat (at constant volume)
of the room airAT the change in room air temperature from the sifattie period of
time to the endls the incident solar radiation on a horizontal suefa% the roof's
exposed collector aredthe geometric factor based on the inclinationhef toof and
the sun’s declination and azimuth angles andhe time period that solar radiation
falls on the roof.

For summer conditions, the solar chimney is reguiceenhance natural ventilation in
the loft by increasing the temperature gradienivben the air inside the chimney and
the ambient air. The chimney in summer aims toelase the mass flow rate of fresh
air and consequently the air exchange rate thrdlginoom. The system efficiency is
then defined as the ratio of the amount of air exgles experienced per hour in a
room containing a solar chimney to that of a rooftheut a chimney, otherwise

known as a ‘flow enhancing” efficiency. The ‘effeicy’ is in fact the percentage
increase in mass flow rate from the room with nonetey to a room with a chimney.

Mathematically the summer flow enhancing efficiesey be defined as,

_ rhchimney_ mno chimney (22)

”flowenahncing - .
mchimney

where, Mno chimney 1S the mass flow rate through a loft without gasehimney and
Mchimney the mass flow rate through an identical sized, lafisisted by the solar
chimney concept.
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A sensitivity analysis will also be conducted usthg computer model to determine
the effect of certain key variables of the systemits general performance. The
results will be used to draw conclusions as to ethis is a feasible design for

passive thermal applications and whether furtheigtherefinements are necessary.

3 LITERATURE REVIEW

Many designs, tests and models using the solarrayreffect for natural ventilation
can be found in the literature. In the past decadiyr chimneys have attracted much
attention in various investigations. These werentgaior summer operation in that
the chimney was used to induce air changes andneahaatural ventilation in a

building, while releasing warm air into the atmosph

Miyazaki et al. (2006) investigated the performance of a versoddr chimney, using
both CFD analyses and analytical means. Wall fnictiosses were not taken into
account in their analytical model because the chlatiey investigated in the chimney
was 1 m wide and thus frictional drag was regardedlay a negligible role in the
momentum equation, which is actually never the dasenatural ventilation in a
passive system. It should be remembered howeveathattic has limited space, and
therefore a design using as little room as possihist be used while still ensuring
noticeable air change rates. Wall friction mustréfere be taken into account in an
analytical model for a chimney in an attic, andldanfluence the rate of air changes
substantially. The inclination angle of the solaimeney for a roof application will
also have a definite influence on the air flow whveas not taken into account for this
vertical model. Nevertheless, the results obtaibgdViyazaki et al. provide good
information as to the development of these analltisodels for solar chimneys in

general.

Aboulnaga (1998), on the other hand, incorporateimeined solar chimney in a roof
and thus provides some valuable insight into tiiecef of the inclination angles on
the performance of these chimneys. Unfortunatedyctiimney was built on the basis

of the conventional chimney concept in that transpiaglass and glazing were used
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to obtain maximum heat transfer to the air fromaschdiation. Their chimney is used
to ventilate a room with a ceiling coupled with @@ cooled cavity to enhance air
flow rates. The study found that the inclination tbie solar collector played a
significant role in the mass flow rates through ¢hemney and subsequently the rate
of cooling of the room below. The optimum incliraati angle for dixed collector
surface is such that it allows the maximum obtdmadwlar radiation absorption
throughout the year regardless of the season,saoldiefly a function of the location

latitude.

Another study performed by Hamay al (1998) found that “both the average solar
heat gain factor and the average intensity of s@diation decrease as collector tilt
angle increases. They have a maximum value for rezdwmdal collector while a
minimum value for a vertical collector.” It is thesncluded that with regards to the
tilt angle of a roof of a loft or attic which wilbe used for living in, the steeper the
angle, the more living space available but the é&Bsient the performance of a solar
chimney. This will have to be considered in thejgeb

Another factor influencing air flow rate is the eadf heat being transferred to the air
in the chimney. This is directly proportional teetlexposed area and the absorption
coefficient of the solar collector. Bansal al (1993) analytically studied a solar
chimney-assisted wind tower for natural ventilatiom buildings. The authors
developed an analytical model of a roof solar cl@gnty combining the energy
balance equations of a conventional solar absarviihrthe air flow rate equations of
chimneys. They found that for a room volume of 3% am 30 inclined roof solar
collector area of 2.25 frand air channel height of 15 cm resulted in athexge
rates of between 4 and 6 per hour which is theiredstandard air change schedule
for an office (Greenwood, undated). In conclusiba study observed that air flow
rates are dependent on the geometry of the aiatol, the size of the air duct of the
channel and the performance parameters of the eatintg solar collector. The
estimated effect of the solar chimney was showbetsubstantial in inducing natural

ventilation for low wind speeds.

Kanekoet al. (2005) wrote a report on an inclined solar chimnéth dimensions of

1.3 m length, 0.85 m width and channel depth ofr®.2t an incline of 45° and found
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airflow rates of 100 to 400 1h. This chimney was subject to a simulated solar
radiation input in the shape of a sine curve oveno@rs with a maximum solar
radiation of 1000 W/m The chimney made use of the usual glass and doate

aluminium plate as solar collector.

Another similar design to the one proposed for gtisdy is found in a report by
Hirunlabh et al, 1999. Monier tiles and gypsum board, both comnboiiding
materials, were used to form the air channel indame manner as illustrated in
Figure 2.2, with the tiles replacing the roof skemtd the gypsum board forming the
lower insulation layer. Their design was validatesthg an analytical model in which
the collector length and tilt angle were variedtheir report, the authors found that
by increasing the length of the solar collectocr@ased the air flow rate, which is a
consequence of the increased vertical height ovémtilation path. But the air flow
rateper unit areadecreased with increasing length of the collectbus, the amount
of air flow rate induced by one longer collectorulbbe lower than that induced by
two shorter units of the collectors, with a to@hdth equal to that of the longer unit.
Thus it was found that to maximize the air ventiatby collector systems, the length
of the collector should be shorter, in the orderlofo 2 m. This length could be

selected by architects, depending on the avaikface area of roof.

For the roof tilt angle, an optimum combination o found between the amount of
solar radiation absorbed and the induced stackhheif the chimney, i.e. the
shallower the tilt angle, the more collector suefacea is exposed to the sun and the
more energy is absorbed and transferred to thénaine channel but the less the
vertical height of the chimney. In their reportritilabhet al, 1999 found that for a
latitude of 15° N, increasing the tilt angle up 306°, the induced air flow rate
increased rapidly due to the induced temperatuiferdnce. However, the vertical
height is still too small to induce higher air floate, although the energy absorbed by
the tiles was higher. For a tilt angle smaller t68f, the increase of the air flow rate
was found to be quite insignificant. Consequerithgre is an optimum range of tilt
angle based on latitude of location which for ti@port was found to be between 20
and 60°. They concluded further that such a dedigmot sufficiently induce natural
ventilation to satisfy the resident’s comfort, ahdt it should rather be incorporated

with additional passive thermal devices.
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As shown, there is ample literature regarding #sting and computer modelling of
roof solar chimneys for summer operation which pfev good insight and

comparative data for this proposed chimney desigrsimmer conditions. But there
is in general a lack of information regarding tree wf solar chimneys for a winter
application as explained earlier for heating a isdce, and very little information on
the use of common building materials used for qoibn or at least a comparison

between cost-effective designs for the collectlft

4 EXPERIMENTAL WORK

4.1 Design and construction of test-rig

Design

The proposed test rig represents a half-scale nadetypical loft as shown in Figure
4.1, with the dimensions given in meters. ReferrtogFigure 4.1, the structure
consists of a wooden frame to support the id6lined corrugated iron roof, 100 mm
thick polystyrene board ‘floor’ and 50 mm thick psiyrene board exterior walls.
Regarding the choice of the roof tilt angle, igsnerally accepted that the optimum
angle for a fixed solar collector to obtain a maxim amount of solar radiation
averaged over a year, is the degree of latitudbetpecific location. The latitude of
the testing facility is 342S, but to make the roof inclination angle equalkHis
would mean there would be very little space indige loft for people to live in.
Hence, the inclination of the roof angle was degidpfront to be 45to increase the

available volume of the loft.

The loft space was further divided into three safgafcompartments’ or sections for
the three different experiments discussed earbielal chimney, bare roof, roof with
insulation). The partitions separating the threetises will consist of 25 mm thick
polystyrene board to thermally isolate the thregtises from one another. In doing
this, accurate comparative results will be obtaibetiveen the three compartments

without the need to build three completely sepasttectures.

4-10



Corrugated
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Ceiling board
and insulation
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Air flow wooden frame

through
channel

NORTH

Polystyrene
walls

Figure 4.1: Proposed test-rig showing three sepa@npartments

Compartment one contains the solar chimney whick egastructed from a wooden
frame nailed to the underside of the roof’s sugpgrtrusses. The frame provides the
gap for the airflow and support for the chimneysér section, consisting of a layer

of Isotherm™ insulation and ceiling board, as shawRigure 4.2.

Referring back to Figure 4.1, compartment two costaa bare corrugated roof, in
effect providing a control for the experiment. Idd#ion, seeing that many lower
income houses in South Africa often have nothirsg ether than a bare corrugated

iron roof, this compartment will also provide reagh for these comparative purposes.

4-11



Wooden frame forming
channel is nailed to
underside of roof trusses

Panels on either side to
create channel (nearest
panel not visible)

Air flow at outlet of
channel

Ceiling board
nailed to frame

50 mm thick Isotherm
Air flow at inlet of insulation forming back of
channel channel

Figure 4.2: Construction of the solar chimney’s éo\wsection

Compartment three will contain a layer of Isothern{Bfits, 2007) roof insulation

between the corrugated roof and a panel of cebmayd. This is to simulate the usual

roof

insulation installed below the roof surfaces neost houses. The aim is to

determine whether the compartment containing tHar schimney will see more

satisfactory results compared to this compartmaamd, subsequently the feasibility of

installing a solar chimney for enhanced thermal footin addition to roof insulation.

Building materials

In addition to polystyrene board, wooden beams @rdugated iron roofing sheets,

other materials included in the construction were:

Hardboard for support of polystyrene board

Ceiling board (6 mm thick)

Isotherm™ (Brits, 2007) roof insulation (50 mm #jic
Silicone glue, duct tape, screws and nails

Concrete weights to secure the entire structuteearound
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The ceiling board was used to secure the Isothetinstation (Brits, 2007) against
the inner roof surface of the South facing side tioé roof in the chimney

compartment, and for both the North and South asides in the third compartment
as shown in Figure 4.1 and 4.2.

Site

The test-rig was erected outside on top of onehef Mechanical Engineering
Department building roofs (‘solar testing facilitywhere maximum, uninterrupted
solar radiation would prevail. The latitude of flbeation as mentioned previously is
34.2 S. The structure was further orientated in a North{Balirection such that the

inclined roof containing the chimney faced true tdprto capture the optimum
amount of solar energy for southern hemisphereitond. A photo of the test-rig in

winter operation i.e. with the apex vent closeghewn in Figure 4.3.

| =
- m
[ 4
,‘4 i

Apex vent closed)

Corrugated
iron roof

Supporting
§ hardboard

3 compartments

»

Figure 4.3: Test-rig built on site

4-13



4.2 Operation

Experiments were conducted in June and Novembecetrating on winter and
summer conditions respectively. The aim of the expents was to identify
temperature changes and trends inside the compagrard the differences between

summer and winter operation.

4.2.1 Summer conditions

During the summer months, the solar chimney compant test rig is expected to
produce the air flow patterns as illustrated inufeg4.4, to keep the compartment cool
and well ventilated. Two vents are present in igaré; one at the south wall at the
bottom to allow cooler air to enter, and one atapex of the roof to allow the hot air
from the chimney to escape. This ensures a conisteplacement and ventilation of

air in the compartment.

N 4—’—
N Roof
B cap to
TN keep
Solar energy N

heating up roof
Roof insulation
layer on South

Solar .
side (Isotherm™)

chimney
on North
side

South vent
open to

allow fresh
| air to enter

Arrow predict air
flow patterns during
summer

-

Figure 4.4: Expected operation of test-rig duringmer

4.2.2 Winter conditions

During the winter months adjustments were madd¢osblar chimney compartment

such that the entire compartment was sealed. Tévxe &t and south wall vent were
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closed to keep the warm air re-circulating throtigh compartment. This is illustrated

in Figure 4.5.
N4——‘>
Apex  ~ _ Roofcap
vent \ to keep
closed rain out
Solar energy

Roof insulation
layer on South
side (Isotherm™)

heating up roof

Solar
chimney on
North side

Arrow predict air flow South vent closed

patterns during winter

L

Figure 4.5: Expected operation of test-rig duririgter

4.3 Instrumentation
The room air temperature of all three compartmevds measured at three levels

using T-type thermocouples with an accuracy@f2°C positioned in the middle of

each room, 0.2 m, 1.2 m (mid-height) and 2.2 m alground level respectively. The
thermocouple at the top in the chimney compartnergffect measured the outlet
temperature of the chimney and in addition anothermocouple was positioned at
the chimney inlet to determine if the air did icf@xperience a temperature increase
through the chimney as expected. The positionsllofila sensors are shown in
Figure 4.6, where the sketch on the left showseavvirom the west with the solar
chimney compartment in the front, and the sketchhenright shows a view from the
north.

The data logger used to process the sensor meamutenvas a Schlumberger Sl
35951A IMP model, with input connector manufactut®d Solartron Instruments.
Measurements were taken every second, while dasastesed every 5 minutes in
order to get an accurate graph for an average ay@driod. The data was stored and

further processed on a computer in a neighboribgrkgory.
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Compartments

Roof
~ temperature

West side North side

Figure 4.6: Placement of temperature sensors itetiteig

In addition to the test-rig instrumentation, a viresitstation was set up near the test rig
to obtain readings of the wind speed and directammpient indoor and outdoor
temperatures and solar radiation during the tegt@rgd. Figure 4.7 shows a photo of
the weather station. The data was captured usingam@mometer, shielded
temperature sensor and solar radiation sensor Bawis weather station instrument
suppliers and a Davis Energy EnviroMonitor® datggler (Davis Instruments Corp.,
2007). Measurements were stored every half hoursandd to the computer to be
used for referencing and data interpretation.

Solar radiation
sensor

Wind

anemometer/ Shielded
temperature
sensor
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4.4 Results

Large amounts of raw data were captured on a #ai$ys using the instrumentation
above. It was decided to only plot and display easmpartment’s average room
temperature, the overall roof temperature and thbient temperature against time
since the aim of the experiment is to compare tesanh the overall thermal effect
between the three set-ups and against ambient tcorli The roof temperature is
very sensitive to cloud cover and the effect clobdge on the solar radiation falling
on the corrugated roof as will be indicated in ¢fnephs. The incident solar radiation

measured by the radiation sensor is plotted os¢hendary y-axis.

4.4.1 Winter operation

The results for two typical sunny (cloudless) dagswinter are shown in the
following graph (Figure 4.8). The first thing totre® is that the roof temperature is
very sensitive to ambient conditions which resultgshe constantly varying curve.
The ambient air reaches a maximum of 18 °C oniteeday and 22 °C on the second
day. All three room temperatures are above the emhlbemperature while the sun is
shining on both days and remain so into the eveaipnight of the first day.
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1 400

+ 300

Temperature, T [C]

2L 200

Incident Solar Radiation, G5, [W/m?]

+ 100

" 0
06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 06:00

Time, t [h]
em— R0OM with chimney ———— Room with bare roof Room with insulation

—>— Ambient Roof = = = =Solar radiation

Figure 4.8: Two typical sunny days in winter
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Naturally, the room with the bare corrugated roedts up the most during the day but
also cools down faster than the room with the cleynor insulation. Both these
rooms have a slight time lag due to the increassat bapacity of the additional
building materials, and thus heat up and cool daiaut an hour later than the room

with the bare roof.

On both days one notices that the room with tharstiimney is slightly warmer (by
2-3 °C) than the room with roof insulation and teémney room is also 5 °C higher
than ambient temperature at thé"Ifbur, corresponding to 16:00 in the afternoon.
These are not large differences but nonethelesge i@t the solar chimney warms
the loft space to some extent. At night howeveg oatices that the chimney room
has the lowest temperature, this being becausgolhe chimney is in fact working in
reverse as the night ambient temperature coolsotffeand subsequently the air in the
chimney. It was seen that the room actually becarosmore quickly than the other
two rooms because of the chimney concept actingewerse, otherwise known as
“reverse thermosyphoning”. In future, air must bevented from sinking down from

the cold chimney channel at nights to stop thisnfeccurring.

700

+ 600

+ 500

Temperature, T [C]
Incident Solar Radiation,é . IW/m?|

0 ; ; ‘ ‘ Ll ‘ 0
06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 06:00
Time, t, [h]

e R00M With Chimney = Room with bare roof Room with insulation

—¢«— Ambient Roof - - = =Solar Radiation

Figure 4.9: Two typical cloudy days in winter
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The above graph (Figure 4.9) shows two typical djodays in winter and clearly
shows the effect that clouds have on firstly theoamt of incident solar radiation
striking the roof and secondly the smaller differes between day and night
temperatures and the higher ambient temperatunésgdine night due to the cloud
‘blanket’ effect. Because less solar radiationeémf) absorbed by the solar chimney
collector, the room with the chimney does not fiortias well as it did for a clear day
and hence it is practically the same temperatuteeasoom with insulation. All three
rooms however, are able to retain a higher tempexg8-5 °C) than ambient for most
of the day while the sun shines but all temperatdrep to being nearly equal during
the night. The room with the insulation performs ttest at night when it is able to
trap some of the heat transferred during the dag. doudy conditions show that the
solar chimney does not function efficiently wheerthis insufficient solar radiation,

which is to be expected.

4.4.2 Summer operation

Unfortunately the weather was not ideal for summperation as the ambient
temperatures for most of the month of November weevery high. It should be

noted that the experiments should ideally be coteduduring the hottest months of
the year for summer operation which, for the speddcation in question, will be

January of February. The results for two typicaysdean November, i.e. summer
operation are plotted below in Figure 4.10.

Referring to Figure 4.10, the first day was a cléay indicated by the smooth curve
for the incident solar radiation on a horizontatplas measured by the solar radiation
sensor. The second day was slightly cloudy anéfleated by the less smooth solar
radiation curve. As expected, the room with no liason and no solar chimney, with
just a bare corrugated roof experienced the higeegperatures during both days. On
the first day, the room with the insulation expeded slightly higher temperatures
(3 °C higher) than the room with the chimney, whichsely matched the ambient
temperatures throughout the two days. On the sedawdit is clear that both the
insulated room and the room with the solar chimmyperience very similar
temperatures and both follow the ambient tempesatur
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Figure 4.10: Two typical days in summer

As no mass flow rate experiments were conductedtdusme constraints, it was
difficult to evaluate the solar chimney’s performanagainst the other two rooms,
although it can be concluded that the solar chimmaintains the room air at ambient
conditions as expected. The real value of a sdiemmey during summer is measured
by its flow enhancing efficiency as defined in Ctem®2. Since no mass flow rates
through the room were measured during the expetaherocedure, they were
calculated analytical using a computer simulatiardet of the test-rig as which will
be discussed in the analytical study.

5 ANALYTICAL STUDY

5.1 Thermal model

The major objectives of the analytical study wer@tedict the air flow rates through
the chimney and loft, provide results which cout dompared to the experimental

data obtained and study the effect of changingacesariables of the system on the
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performance of the solar chimney. For the thermalyais the following assumptions

were made:

1. there is a one-dimensional heat flow through tHarsmllector (corrugated
roof) as well as through loft wall insulation (pstyrene)

2. the heat capacity of all solid materials are cogr®d, thus heat transfer is
under unsteady state conditions

3. the effect of corrugation of the roof is neglectieeince the cross-section of the
air channel is assumed to be rectangular and dpadia to the corrugations is
negligible

4. properties of air are functions of temperature

5. the sky can be considered as a black body for\aagelength radiation at an
equivalent sky temperature

6. air leakage effect is negligible

7. properties of materials are temperature independent

8. dust and dirt on the collector roof are negligible

5.1.1 Winter

The thermal model is presented with the aid of f@dul in which the most important
components, variables and parameters of the syamtershown. Although the room or
space of the test-rig has a complicated shapentdel here represents the room as a

large tank in which thorough mixing of the air ocu

Sunlight energy is absorbed by the roof, which $©iegt and subsequently transfers
heat to the air in the air channel formed betwéenroof and the insulation. The roof
and air channel are divided up into control volurdepicted by-1, i, i+1, etc. as seen

in the figure. The Section A-A in the figure showgross section of such a control

volume.
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Figure 5.1: Most important parameters of winterlgiaal model

The air in the channel heats up and the densityedses. The room air is initially at a
lower temperature and higher density than the aflaam. This density gradient
causes the downward movement of air from the rommh @pwards through the
channel as indicated by the arrows, i.e. the stdk@mnney driving force. The room
heats up accordingly, and loses heat to the sudiognenvironment at ambient
conditions through the walls of the room. The rtoxfes heat by natural convection
and radiation to the environment. Some of the hemthes the room air via the back
half of the air channel through the layer of insiola Gravity is depicted by the
constant gravitational acceleration g and its dioecis depicted as positive in the

downward direction.

Conservation of mass
Considering the mass flow rate throughout the systemains constant at a given
time step and is a function of the velocitydensity of the fluid in motiop and the

cross-sectional are® as follows:
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Conservation of energy applied to the roof

Thermally the roof can be considered as a radigtenmel, absorbing solar energy to
be transferred to the air in the channel. The malivided up into 9 control volumes
along its length as shown in Figure 5.1. Theserobmolumes coincide with the
control volumes of the channel. The roof is simetifto have negligible thermal mass
because its thicknesds, is only = 0.6 mm. The roof absorbs a portion refident
solar energy according to a view and geometricofac{defined in Appendix B.1) as
well as the absorptivity; of the specific roof material. The roof radiateegy to the
surrounding sky according to the sky temperaflyg and also loses energy via
natural convection subject to the ambient air tewapee T. and the natural
convection coefficienh,, The convection coefficient is a function of theyRolds
number (indicating laminar or turbulent flow) dedarg on the wind velocity profile
given in Figure B.6, as well as the density of émebient airpe, angle of the roob
and roof lengthDX. Further, the roof transfers heat to the air ia tihannel at a
temperature of,,, with a heat transfer coefficiehfown This heat transfer coefficient
is defined similar td,, with the Reynolds number being determined by tHearty

of the airflow in the channel. It was assumed tiedligible energy flowed from one
control volume of the roof to the next due to cactchn.

. Tsky
sky

Te

Qair S
Qabsorb

Tp O

Figure 5.2: Control volume for roof section

By referring to Figure 5.2, the heat transfer equmst can be written as follows:

The radiation heat transfer rate from the roohmgKky is:
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sty = gf OAf (Tf4 _Tsiy) (52)

where T, = [esky(Te + 273.1'3)“]%1 -27315, ¢,,=0.741+0.00167,, at night time

and &, = 0.727+0.00160 ,, during the day (Mills, 2000).

Using the Magnus-Tetens formula (Barenburg, 19@djHe dew point temperature:

aT
where f = € _+lo
b 090

e

a=1727
b=2377

and ¢ is the relative humidity (Barenburg, 1974)

The convective heat transfer rate to the envirorinsen

Qm = hupAf (rf _Te) (53)

where h,, = f(Re;,6,,T;,T,,DX{, p, ). Refer to Appendix A for the calculation of

the convection heat transfer coefficient.

The convective heat transfer rate from the roothe air in the channel control

volume is similarly:
Qair = hdownAf (Tf _Tm) (54)

where hy,,, = f(Re,,.6;,T;,T,,,DX;, p, ) Refer to Appendix A for the calculation

down

of the convection heat transfer coefficient.

For the solar radiation being absorbed by the roof:

Qabs = Zwinteraf Af G.winter (55)

Whereluinter represents a constant determined by the positidimeasun in the sky, the
latitude of the location and the inclination andentation angle of the roo#; is the
absorptivity of the roofAs the exposed area of one control volume of the evaf
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Guinter IS the incident solar radiation as described byitipait graphs of Figure B.1
and Figure B.3 in Appendix B.1 and based on avesatg intensity for the month of
June. The solar radiation geometric facf@kwr iS also calculated and plotted in
Appendix B.1.

The change in temperature of the roof over a garmount of timedt = t, - t; is then

given by:

Tftz _Tftl — (Qabsorb_Qrer](yc_:Qair _Qm) At
f

(5.6)

wherenk is the mass of the roof control volume and is $ymp
m; = (0 )(DY)(DX)(ds)

andC = specific heat of roof material.

Conservation of energy applied to the air channel
The air channel is divided into 9 control volumésng its length as shown in Figure

5.3 corresponding to the control volumes of the ementioned before. Air flows

through the channel absorbing he@t, .. from the hot roof and transfers it to the

room. Some heat transf€y, also occurs through the back side of the chamel i

onduc
the room through the insulation layer. Energy soalarried in and out of the control
volume by mass transfer in the form of enthahpyOne control volume, of the air
channel is shown in Figure 5.3.

Tm, i+1
( mh )out Tf

Q convec

Q conduc
Troom

Figure 5.3: Sketch of air channel control volume
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The convective heat transfer from the hot rooh®dir in the channel is:
Qconvec = hdownAf (Tf _Tm,i) (57)

and is similar toQ,, from the roof section discussed above.

The conductive heat transfer from the air in thametel to the inside of the room

through the layer of insulation is:

S ksAs(Tmi _Troom)
Qconduc = t

(5.8)

S
whereks is the thermal conductivity of the insulation miak As the heat transfer

surface area, andthe thickness of the insulation.

Energy is brought into and out of the control voluilny the movement of air, the

mass flow ratenthrough the channel. Energy transferred into th@robvolume is:

Qin = (mh) in (59)

where h = C, Tmia1 is the enthalpy terntC, is the specific heat of the air, and the
Tmia IS the temperature of the previous control volurBemilarly, energy being

transferred via mass flow out of the control voluisie
Qo = (Mh) (5.10)
whereh=C T .

Finally the change in temperature of the contrdunte over a given amount of time
At = to-ty is then:
Qconvec + Qin B Qconduc - Qout At

mm C:V

Te-To = (5.11)

wheremy, is the mass of the air in the control volume @qdhe specific heat.

Conservation of energy as applied to the room

The room is treated as one control volume andassimed that thorough mixing of
the air occurs within the space, i.e. the tempeeadfi the room is uniform. The room
dimensions are arbitrarily chosen such that itgliteequals its diameter thus making
it possible to express its surface area and volunrterms of only one variable, its

diameterD,. The room receives or loses heat via mass trafigfer the channel as
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well as via conduction through the room walls te gmvironment and to the air in the

chimney. The room control volume is sketched iruFegs.4 as follows:

(rhh),. Tm,10

in

— ) o T
T : Troom > gconajum . m!
e Q — (Conduction

(Conduction through back of

through walls to channel)

environment)
‘_=, (rnh)

Figure 5.4: Sketch of room control volume

Tm,2

out

Heat transfer via conduction to the channel throtighinsulation at the underside of

the channel is:
. 10 .
Qconduc = chonduqi
i=2

_ ksAs (Troom - Tm,i )

: (5.12)

S

Heat transfer to the environment through the walihe room is:

~Te) (5.13)

. kroom ooom Troom
6, = Komh t(

r

where Aom IS the total exposed area of the room to the enwment and is
Acor= D4 + 7D, kom is the thermal conductivity of the wall materialdanas the

same value ds; andt; is the thickness of the wall.

Energy is brought into and out of the room by thevement of air, the mass flow rate

minto and out of the channel. Energy brought inteortbom is:

Qin = (mh)m (514)
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where h = C, T 10 is the enthalpy ternC,, is the specific heat of the air, afid 1othe
temperature of the last channel control volume.il@ng, energy being transferred by

mass out of the room is:
Quut = (1) 5,0 (5.15)
whereh=C T

p 'room*

Finally the change in temperature of the room @given amount of timat = t,- t;

is then:
. + .' A
Trt)zom _Tr:)lom = Qconvec an CQe Qout At (516)
m

room=v

wheremyom is the mass of the air in the room control volulandC, the specific heat.

Conservation of momentum
The conservation of momentum is applied to onerobMolume of the air in the

channel and room as shown in Figure 5.5:

Figure 5.5: Law of momentum applied to one contmume

The equation of the law of momentum applied to tustrol volume may be written

as:

A(ATV) = (mV)i+1 - (mv)i—l - (Pi+1 - Pi—l)A; + mgCOSH— 2IDXDZ [N]
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or

C, v?2DXDZ
—A(An:\/) = (,OA:VZ)H - (,OA;Vz)i—l - (Pi+1 - Pi—l)A; + IODXAgCOS@_ al 2

(5.17)

Regarding the channel only, the equation is dividgdhe cross sectional aréa of
the channel and all the momentum terms for eaclralovolume are added together.
The Boussinesq approximation was assumed in tealehsity is considered constant

except in the buoyancy term (the first term onrigbt hand side of the equation):

g ' N C, pv22DXDZ
ﬂ — ;(prgsme)i _ (PN+1 B Po) _ .ZZ:( 2'0% )i (5.18)
S M7 > N 37 S N (= >

In the second termPy\.1 and Py are the pressure terms and depend on the room

temperature. The pressure terms are calculatedrdaegoto the temperature and

density of the room air &&%,, - P, = ogh,,,» wherep = p at Tioom andhyom is the

vertical height of the room (and chimney).

The third term represents the losses due to friadfcthe air along the walls and bends
of the channel. These losses are taken into acdnutite addition of an appropriate
equivalent length..q, to DX representing the expansion and contraction loasehe

air enters and exits the channel. For an expansidhe channel into the room the

equivalent length isL,,, =35D, , and for contraction from the room into the

channell,,, =16D, , (Batty et al. 1983), where the hydraulic diamefyq of the

equ

channel is:

Diye = - (5.19)
2(DY +D2)

The friction factorC; is calculated according to the characteristicdefftow through
the channel represented by the Reynold’s numbee WReynold’s number is

dependent on the velocity densityp and dynamic viscosity of the flow over a
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certain channel length. These variables and thex®éy number are calculated in
Appendix A. The friction factor is then defined @s= 1 if the Reynolds number is
below 16,C; = 16/Re if the Reynold’s number is between 16 ahé1, otherwise

C, =0.078Re **°. The final equation is then:

N _ N C,pv?2(DX +L,)DZ
v i;(/ODngmﬁ)i (Pun-P) ;( 2A ), .20
Y@, XX > (PDX),

In essence, the above equation illustrates thavelaeity of the air flowing through
the channel depends on three terms. Firstly, tivendrterm depending on the density
of the air in the channel, which depends esseyntmallthe temperatures calculated for
the air in the channel. A second term retarding dheing force due to the room
conditions being different to that of the channtlti{e room were to be cooler than
the channel, the air would be more dense and thedieg term would be greater in
magnitude than the buoyancy term, causing airow fit a certain velocity up through
the channel). Thirdly, the last term representgitmal losses and depends essentially
on the velocity of the air. By solving for the mombieém equation through the natural
circulation loop for a set value of temperaturés, dir flow velocity at a certain cross-

sectional area can be calculated and consequéstiypass flow rate of the system.

5.1.2 Summer

The thermal model for summer conditions shown guFe 5.6 does not vary greatly
from the winter scenario shown in Figure 5.1. Thgandifference however, is that
the South vent (as shown in Figure 4.4) of the r@smvell as the apex roof vent (the
top of the channel) are now open to the atmospdmaliesubject to ambient conditions.
From the model's perspective this means that thenmél’'s boundary conditions

change to incorporate the ambient surroundings.
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Figure 5.6: Most important parameters of summelyéinal model

Referring to Figure 5.6, solar energy falls on tbef which heats up and transfers
energy to the air in the channel between the radfthe layer of back insulation. The
temperature of the air in the channel increasesttadensity decreases. The bottom
of the channel is open to the room which is expasedmbient conditions and a
certain pressure at that level. The top of the deiynis also exposed to ambient
conditions and is subject to a different (loweBgsure depending on the height of the
column between the inlet to the room and the tofh@fchannel. Subsequently, should
the channel air heat up enough such that its dededreases and its buoyancy term is
less than that of the column of ambient air outsibere will be a net mass flow up
through the chimney, as air from the room replabeswarmer air in the chimney
channel and air from the outside environment flomts the room from the lower
vent. The direction of the flow will change shoulee channel air temperature drop
enough such that its buoyancy term is lower tha ¢ the column of air outside,

and air will enter the channel through the apex.ven

Conservation of mass
The conservation of mass of the system is identwahat of the winter condition
(Equation 5.1).
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Conservation of energy as applied to the roof
The conservation of energy applied to the roofdentical to that of winter as
expressed in Equation 5.2, with the differencehef input values for the calculation

of the amount of solar radiation being absorbethieyroof:

Qabs = Zsummelaf Af C::'summer (521)

The value of the summer geometric faci@mnmers calculated in Appendix B.2, while
the input graph for summer incident solar radiatay),,... can be found in Appendix

B.2.

Conservation of energy as applied to the air chanie

The channel is divided up into 9 control volumeseaplained for the winter model.
The energy balance applied to one control voluntbasame as for winter and can be
expressed by Equation 5.8. The boundary conditworihfe top of the channel is now
ambient temperature, density and pressure, white bibundary condition for the

bottom of the channel is still subject to the roomnspace conditions.

Conservation of energy as applied to the room

The room is treated as one control volume andassumed that thorough mixing of
the air occurs within the space. The room recemefoses heat via mass transfer
through the bottom of the channel, through the oygewent to the atmosphere as well
as via conduction through the room walls to theiremvnent and to the air in the

channel. The room control volume is sketched iufad.7.

Te Q, «—f—

T .
room Qconduci Tm,i

Te (rh),, ——»
Il —l
\—’(r‘rh)out Tm,2

Figure 5.7: Sketch of summer room control volume
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The conservation of energy applied to the roonhéssame as for winter as expressed
in Equation 5.17, with the difference being the rggeentering from ambient

conditions of the environment in the enthalpy tefims can be expressed as:

Q, = (h),, (5.22)

Where h=C T, is the enthalpy termC, is the specific heat of the air, afidthe

ambient temperature.

Conservation of momentum
The conservation of momentum is applied to onerobmolume of the system as

explained for the winter condition. The final eqaatis thus:

g ' N C, pv22DXDZ
o ZUOXOO o py &0 o ) 5.23)
S M7 > N 37 XS N (- >

The channel is subject to different boundary cood# as explained previously and
therefore the second term differs from the wint@mdition. In the second termy.1

and P, are the pressure terms at the top and bottomeo€dbumn of ambient air as
shown in Figure 5.6. The pressure terms are caeuilaccording to the temperature,

density and height of the column of ambient air as:

I:)N+1 - I:)0 = peghcolumn (524)

wherepe = p at Te.

The losses due to friction in the third term of Btjon 5.24, require two additional
values to the existing model for winter, for thelden contraction and expansion of
the air entering the room through the side vent additional length.eq=35Dnyq for
the expansion into the room ahgl=16Dyyq4 for the contraction from the environment
to the room opening is added to the length of thenoel in addition to the existing

frictional losses of the winter model. These simgdiglitions are justified if the cross
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sectional area of the opening into the room from dimosphere equals that of the
channel cross sectional area itself, which it ddée. frication factoC; is determined
by the Reynolds number as explained earlier.

Accordingly the final equation for momentum consdion is expressed as in
Equation 5.21 and can be solved by integratingraddbe natural circulation loop of
Figure 5.6 to determine the velocity of the aimflat a certain cross section of the

loop and finally the mass flow rate of the system.

5.2 Computer program

The equations given in the previous section werdyaerd and calculated for a 24
hour time period in a Matlab program, using theliexpdifferencing method (Euler

Method) with upwind conditions for the enthalpy,dalculate the new temperatures.
The inputs to the program corresponding to the-rigsphysical parameters and

thermal characteristics are given in Table 5.1.

The input functions which vary according to thediof day include the incident solar
radiation (on a horizontal plate), the ambient temafure, the relative humidity and
the wind velocity. These are plotted in Appendid Bnd B.2. This data was taken
from the specific winter and summer day’s readifigm the weather station for the
first day of Figure 4.8 and Figure 4.10 and curwese fit to the results. From this

input data the dew point temperature of the amba&ntand the emissivity and

temperature of the sky during the day and nightcateulated, as well as the amount
of solar radiation striking the surface of theetltroof according to the geometric

factor(.

The program calculates a new set of control volusmaperatures based on the
previous time step’s mass flow rate. The new teatpegs are used to determine the
new conditions (densities, mass and pressure)eofabm air and channel air and to
solve the momentum equation for the loop. A newflaiw velocity is calculated for

the chimney and the new mass flow rate. The newsrfla® rate is used once again

to calculate the new temperatures of the loop féerént conditions and the process
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repeats itself. This continues until a full day 2f hours has been simulated. The

winter and summer simulation programs can be faamthe data CD of Appendix D.

Table 5.1: Input values for computer program

Variable Symbol Value Units
General
Number of control volumes N 10
Gravitational acceleration g 9.81 m/s
Air gas constant R 287 kJ/kg K
Time t 24 x 3600 seconds
Time step dt 0.5 seconds
Roof
Absorptivity constant oy 0.2
Emissivity constant & 0.2
Stefan-Boltzmann constant c 5.67x10° W/n? K*
Specific heat of roof Cpr 460 kJ/kg°C
Conductivity of roof ke 43 W/m~°C
Width of roof Dz 0.7 m
Length of roof L 1.8 m
Length of control volume DX=L/(N-1) 0.2 m
Roof thickness ds 0.0006 m
Roof density P 7800 kg/nd
Radiating surface of roof control volume A 0.14 n
Mass of roof control volume Mf 0.655 kg
Inclination angle of roof from horizontal 6 45° degrees
Air channel
Total length of channel L 1.8 m
Width of channel Dz 0.7 m
Depth of channel DY 0.1 m
Length of channel control volume DX=L/(N-1) 0.2 m
Inclination angle of channel from horizontal 6 45° degrees
Cross-sectional area of control volume Ac 0.07 nt
Volume of control volume Vi 0.014 m
Back of channel insulation conductivity ks 0.03 W/m~°C
Back of channel insulation thickness ts 0.05 m
Channel roughness é 0.6
Room
Room diameter Dr 1.8 m
Height of room Dr 1.8 m
Cross-sectional area of room A 2.54 nt
Exposed area of room to back of air channel A 1.26 n
Exposed area to environment A 15.3 n
Room volume vV, 4.6 n
Average room insulation thickness t, 0.1 m
Room insulation conductivity ke 0.03 W/m~°C
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5.3 Results

5.3.1 Winter

The results from the simulation program for a tgpisunny day in winter are shown
in Figure 5.8. At a little after 12:00, notice thle solar chimney performs optimally,

heating the room %C higher than the ambient temperature.

As was seen for the experimental results (Figu8eathd Figure 4.9), the room and
roof temperatures are strongly dependent on thdant solar radiation while the sun
shines but then follow the course of the ambiemiperature after sunset. Again it can
be seen that the solar chimney also cools the m@mn to a lower temperature than
that of ambient during the night, this being dué¢hi roof cooling rapidly by radiation
to the cold night sky (normally 18C or so lower than that of ambient) as seen in
Figure 5.8. The maximum mass flow rate was expeedran hour after 12:00, and
was equal to 0.00877 kg/s. Knowing the averageityeosthe room and channel air
this was calculated to be 26 mer hour. Taking the room volume as 4.5auocording

to physical dimensions, this gives an air exchaatg of 5.7 per hour.

Temperature, T, [C]
Incident Solar Radiation,é , [W/m

06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00 06:00
Time, t, [h]

= = = =Roof —e—Room

Ambient —<«— Incident Solar Radiation

Figure 5.8: Simulation program results for a suday in Winter
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For a cloudy day, all inputs remained constant withexception of the incident solar
radiation where the input function differs as shawmppendix B.1. The results are
plotted in Figure 5.9.
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Temperature, T, [T]

Incident Solar Radiation, G, [W/m

06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00 06:00
Time, t, [h]

- = = =Roof —e— Room Ambient —«— Incident Solar Radiation

Figure 5.9: Simulation program results for a cloddy in Winter

As expected, the room did not heat up as muchrag $minny day, but otherwise the
two results do not deviate substantially. In thepezimental results, the roof
temperature varied frequently throughout the dag tuthe clouds and the haphazard
intensity of the incident solar radiation. Howewtris erratic behaviour could not be
precisely simulated using the simple function fofas radiation, so the program

results are much smoother compared to the expetainesults obtained.

The mass flow rate through the chimney is plottadaf sunny day in winter in Figure
5.10. As seen, the maximum mass flow rate £ 0.00877 kg/s) through the channel
corresponds with the peak solar radiation value.ae@om with a volume of 4.63n
this gives an air exchange rate of 6.2 per hourclvlwas considered the standard
value for an office (Greenwood, undated). During tight however, reverse air flow
occurs through the chimney channel, with mass flates being small. This means
that at night and also during periods of low so#atiation, i.e. lower than 850 W/m
corresponding to a mass flow rate of 0.006 kgs,siblar chimney is not effective in

enhancing natural ventilation.
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Figure 5.10: Mass flow rate and incident solaratdn for winter operation

5.3.2 Summer

For summer conditions two additional simulationsr@veonducted for comparative
purposes, in order to determine the effectivendsthe solar chimney concept in
summer. The room with a solar chimney was compévean identical sized room
without a solar chimney but with the vents stillapas well as to another identical
sized room with no chimney and no vents open,a.elosed control volume. The

three scenarios are illustrated in Figure 5.11.

Solar ') Solar ‘\ Solar
energy/ energy energy
( — L_. «-—
d| d|

Room with operating solar No solar chimney No solar chimney and
chimney no vents

Figure 5.11: Three simulation models for summeraip@n comparison
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Referring to Figure 5.11, the second model will stiperience mass flow through the
room due to the difference in buoyancy terms fer rilom air and the outside air, as
the solar energy reaches the room and heats ugith8ince the last model has no
vents open, no mass flow will take place and hemcenergy transfer will occur via
the enthalpy terms, but only through radiation andvection from the hot roof and
conduction through the room walls to the environtmé&wor the simulation program,
all three models are subject to the same envirotaeheanditions and solar radiation.

The simulation results for a typical sunny day umsner are plotted in Figure 5.12.
All three results from the different simulation nebsl as explained above are plotted
on the graph and the effect of the solar chimnaegtioning is apparent.
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Figure 5.12: Simulation program results for a tgbgunny day in summer

Firstly, referring to Figure 5.12, the incident @okadiation compared to winter is
much higher and is also over a longer time periiddhours) of the day. This ensures
the higher roof temperatures seen in the figureoBadly, the room (with the solar
chimney) temperature matches the ambient temperatorost exactly since it is now
exposed to the environment. The room with no chynaed the room with no air
flow did not heat up as much as expected howeuas i primarily due to the fact

that radiation heat transfer inside the chimneynae& and from the hot roof to the
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surrounding inside wall surfaces for all three sc@s was ignored due to the

complexity of the geometry of the structure.

A very simplified model and calculation to determithe effect of radiation heat
transfer inside an enclosed polystyrene box wittoaugated roof is discussed in
Appendix C. It was found that radiation from theofrcand walls does play a
significant role in heating up the air in the rocand should be considered in a more
complex and accurate thermal model. Still, theeddhce in temperature between the
room, the room without a chimney and the room with@ chimney and no vents, is

guite substantial even when ignoring radiation hesatsfer inside the structure.

Since the aim of a solar chimney is to keep roanaaambient conditions during the
summer and to enhance natural circulation, the slyms measured against the other
two rooms in terms of how well this was accomplishée. the smaller the
temperature difference between the room air andiewhlihe more effective the
system. As seen in Figure 5.12, the solar chimmpeyaies effectively throughout the
day, keeping the room temperature at ambient condit During the hottest periods
of the day the solar chimney ensures a 10 °C diffeg in temperature compared to
the room without a chimney and for an enclosed rdaterestingly, the room with no
airflow has almost the same temperature profileh@sroom with airflow and no
chimney. This is explained in that the only difiece in the thermal model of the
former compared to the latter is the absence of @hthalpy terms which are

dependent on the mass flow rates through the rdamh),, and(rmh),,. The reason

out *
why there is thus so little difference betweenttlie results is because the magnitude
of the mass flow rates in the room without the alew is so small, as will be
discussed in the next paragraph.

The mass flow rates for the room with a solar clagnand the room without one were
plotted along with the solar radiation in Figuré®.The maximum mass flow rate for
the solar chimney room was found to be 0.01015 kagslting in an air exchange rate

of 6.6 per hour for the 4.6 moom at the hottest periods of the day.
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Figure 5.13: Mass flow rates for summer operation

This simulation result matches those of the anadytstudies done by Bansal al.
(1993) as discussed in the literature review. Vaisie is compared to the room with
no chimney having a maximum mass flow rate of 00®@/s meaning an air
exchange rate of only 0.33 per hour. Referringhi ftow enhancing efficiency for
summer operation defined in Chapter 2, the solammy increases natural
circulation in this specific case by 95 %, but odlyring the period of peak solar
radiation. This is a very large increase and tHustrates that the solar chimney is an

effective enhancer of natural ventilation, when jeobto a high solar radiation

intensity (G = 850W/m?).

As seen in winter operation as well, reverse awftakes place (i.e. back down the
chimney channel into the room) when the sun doésimoe or during the night. The
mass flow rates through the room during these gsriare small, and do not

contribute significantly in aiding natural ventiltaa.
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5.4 Sensitivity analysis

5.4.1 Winter

A sensitivity analysis was performed for a variatmf £ 50 % of the selected system
variables from the base case scenario shown ineTald. These include the room
volume (which, as mentioned above requires the gihgnof one variable, the
diameterDoom, the exposed roof radiation surface area, therpbgity for the roof
and the insulation thickness of the exposed wdlth® room. The base case scenario
was chosen to represent a room volume of A8Tiis is ten times the size of the test-
rig itself and about the size of a small loft offdk 4 mx 3 m, and would represent a
practical application of the solar chimney concéipé, solar collector area was taken
to be 6.2 rfi which is five times that of the test-rig model.fact it does not really
matter what sizes are chosen for the base cased®ensitivity analysis since the aim
is to determine the effect of changing certain kagiables from the base case making
this a comparative analysis. The winter base casgpater simulation program can
be found on the data CD of Appendix D.

The results are given in Table 5.2 below as a mage variation of the system
performance parameters. These are the total anufuheat absorbed by the roof
depending on the size of the radiation area anddbé absorptivityas, over the 9
hour sun shining periodQpsory, and the total amount of heat energy reaching the
room space over that same peridg, (bom). This was calculated by summing the
amount of heat energy flowing into the room eveajf lnour, which was calculated
by finding the temperature difference between thenr temperature and ambient
temperature for each half hour time step and nlyitig this by the time elapsed
(1800 seconds), the average mass flow rate andfisgesat of that time step:

tmax

Qin,room = Z (mavg,t )(Cv)(Troom,t _Tambientt )At (525)

t=t,

The ‘efficiency’ of the systemy{,erma) Was then defined by the input energy (the total
amount of incident solar radiation falling on thef during the 9 hour sun shining
period) over this value explained abo@@, .com The maximum temperature of the
room during the dayTgaxron @and the sum of the difference between the outside

ambient air temperature and the inside room aipegature multiplied by the time
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step for each of the hours of the nine hour sumo@e@ (Tams Troom4t), was also

recorded.
Table 5.2: Sensitivity analysis results for wintpemtion
Variable Qabsorb Qin,room Hthermal | Tmax,room M asimum 2 (Tambr Troom) At
MJ MJ % °C kg/s °C.hour
Base Case 28.56 6.03 4.2 0.037 0.037 23.2
0.5A -48 -16 +67.8 -9 +12 -38
1.5A¢ +50 +34 -10 +6 +2 +28
0.50¢ -50 -40 -40 -12 -12 -53
1.50¢ +50 +150 +106 +14 +25 +61
Selective +30
absorber +300 +18 +218 +70 +343
0=2% -3 -30 -31 =27 -27 -11
0 =60 +21 +50 +23 +10 +27 +35
0.5, 0 -4 -4 -10 -8 -38
1.5; 0 +48 +48 +8 +25 +33

The values fofmerma are low, possibly due to the energy lost throdghwalls of the

room to the environment before heating up the rea@mThe most notable change in

all the results occurs when varying the roof abatp o; and the efficiency of the

system increases substantial for higher values, @specially for a selective absorber

roof coating. The selective absorber aims to abasrtmuch solar energy as possible

during the day with a highs value but at night has a very low emissivity consta

and as such does not radiate all the absorbeddta cool sky at night.

What is also interesting is the efficiency of thestem decreases for an increase in

collector area and vice versa, which seems straggeore energy can be absorbed by

the greater roof area. This could possibly be erptaiby the fact that the amount of

solar energy being absorbed by the rQafsorn is reduced or increased by 50 % but

the room’s temperatufBnax roomStill does not increase by much.
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The tilt angle of the roof determines the amourgalér collector area exposed to the
sun and therefore the amount of radiation absorAedseen, by tilting the roof at a
steeper angle from the horizontdl< 60°) in the winter, when the sun is lower in the
sky, exposes more surface area to the direct si3n lence the efficiency and overall
system performance increases. The opposite appliesffatter angled= 25°) when
less area is exposed to the direct sun rays, daogethe efficiency of the system. A
flatter collector angle also results in a shortertical chimney height, which also

decreases the mass flow rate through the systelatesnined by Equation 5.18.

Finally, wall thickness and insulation makes aldlig difference on the maximum
temperature of the room. This emphasises the impaetaf insulating a room to

improve temperature control and maintain a degféleesmal comfort.

5.4.2 Summer

The summer sensitivity analysis was conducted immalas manner to the winter
analysis, with the selected system variables béhegexposed area of the solar
collector or roofA; , the absorptivity of the roaf;, and the roof inclination angle
The base case scenario was chosen to represerrnasotume of 48 My which is the
same as the winter sensitivity analysis. The summase case computer simulation
program can be found on the data CD of AppendixSihce the aim of summer
operation of the chimney is not to heat the roomtl last two columns of Table 5.2
were not included in the summer analysis. The roosulation thickness does not
play such a crucial role for summer as it doestlier winter so the changing of this

variable was omitted from the analysis.

Referring to Table 5.3, it was found that by incnegdhe collector area, reducing the
volume of the room and increasing the absorptigftyhe roof surface, that the flow

enhancing efficiency was increased. The importaficesiog selective coatings on the
roof is also evident by the large increase in tin@want of energy absorbed by the roof
and subsequent mass flow rate and efficiency.
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Table 5.3: Sensitivity analysis results for sumnysgration

Variable Qabsorb Qin,room Mpagimum | Hflow enhancing
MJ MJ kg/s %
Base Case 36.102 12.345 0.0488 92.5
0.5A¢ -50 -35 -28 -3.7
1.54 +50 +27 +20 +1
0.5 -50 -40 -35 -5
1.50 +50 +37 +29 +2
Selective +300 +43 +55 +29
absorber
0 =25 +23 -5 -20 -4
0 =60 -22.5 -1 +1 -1

It is quite interesting to notice the effect of ngang the inclination angle of the roof
on the system parameters. By decreasing the ragie an the summer ensures a
greater collector surface area to the sun and gubsdy a higher amount of energy
absorbed. Yet because of the reduced perpendibelght of the column of air as
shown in Figure 5.6, and the dependency of the &mmyterm on this column height,
the less mass flow is induced which results inveeloefficiency. At a steeper angle, a
smaller portion of the collector surface area ipased to solar radiation so the
chimney does not transfer heat to the air in thanobkl as efficiently either. This
results in a smaller temperature and density diffee between the air in the channel
and the ambient air, which again determines thesnilasv rate as depicted by
Equation 5.23. It was found by Matheir al (2005) that the optimum tilt angle for a
solar chimney collector to maximise the airflowerahrough the chimney for a

latitude of 35 is 50 from the horizontal.
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6 DISCUSSION AND CONCLUSIONS

The direct comparison between experimental and toalylata for the temperatures
of the room with the solar chimney for a typicahsy day in winter is represented by
Figure 6.1. The values for the roof temperaturettie experimental and analytical
study compare favourably with one another excemoofse for the variability in the

experimental curve caused by the rapid respondbeofest rig roof temperature to
changes in wind velocity and solar intensity. Thera distinct time lag of upto 1 - 2

hours between the two sets of data for the roonpéeature, with the experimental
data lagging the analytical data. There are at wastreasons for this, with the first
being that the analytical model did not considee tinermal capacity of the

polystyrene walls of the test-rig which, if takema account, would have slowed
down the response of the change of temperatur@eofdom air. Secondly, it was
difficult to match the experimental curve exactty the ambient temperature for the
input into the simulation program, so the resutisxdt match up accordingly.

50

C]

Temperature, T, [

0 +——— ‘ ‘ 1 ‘ ‘ ‘
06:00 09:00 12:00 15:00 18:00 21:00  00:00 03:00 06:00
Time, t, [h]
———— Room_analytical Room_experimental = = = «Ambient
Ambient experimental Roof_experimental ---0- - - Roof_analytical

Figure 6.1: Comparison of experimental and anaytiata for winter operation
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The graph however, does illustrate that the two aletlgta can be compared, meaning
that analytical models can be used with confideéngaredict the performance of solar
chimneys relatively accurately. This is particulatgeful when the wanting to
determine the effect of changing certain systemarpaters will have on the

performance of the solar chimney.

Regarding the experimental results for winter opena when the aim is to heat up
the attic space by re-circulating the warm air hie thannel, this specific low-cost
solar chimney design does not really perform sulbistidy better when compared to
any conventional loft containing a 50 mm layer edtherm™ roof insulation (Brits,
2007) against the roof. The chimney was able to werair up about 2-3C higher
than the insulated room during the hottest periodshe day, and due to reverse
circulation at night, the solar chimney also coadlled room down faster and had the

lowest temperature of the three compartments duhiegight time period.

The amount of heat energy actually reaching thedofing winter operation is really
quite small as found by the low thermal efficiertsfined in chapter 2. It was found
that the air exiting the top of the chimney wa¥8higher than the entry temperature,
yet the loft itself did not heat up to the samerdeglt was concluded that most of the
hotter air probably gathers at the very top of ltife near the apex of the roof and
without some sort of mechanical means of ventifgtiwould not mix thoroughly with
the air in the rest of the loft.

For summer operation, the experimental and analytiata for the solar chimney
room air temperature are compared directly formacal summer day in Figure 6.2.
The results compare favorably with one another, gixtteat again there is the slight
time lag of the experimental values due to the lcapicity of the walls to retain a
certain amount of heat, and that the input ambientperature for the analytical

model peaks slightly earlier than the experimergalilts.

The experimental data for the roof temperaturess kdwer than the roof temperature
for the analytical study. This is probably due te #fect of wind on the convective
heat transfer coefficient where the simulated wgndfile for summer had slightly

lower values than the real wind values for this day also because the effect of if
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radiation heat transfer in the chimney was not hared in the analytical model. It is
therefore necessary to account for the influencehefradiation heat transfer and
match the wind profile for that specific day momearately in a future study. It is
evident from Figure 6.2, however, that for summeeration, the solar chimney

maintains the room air temperature close to ambiugitth is expected.

Temperature, T, [C]

Time, t, [h]
Room_experimental Room_analytical ~  ------- Roof_experimental
---0---Roof_analytical X  Ambient_experimental o Ambient_analytical

Figure 6.2: Comparison of experimental and anaytiata for summer operation

With regards enhancing natural ventilation throtiyh loft and ensuring a higher rate
of air exchanges through the room, this solar ckeyntlesign was found to perform
very well indeed, with flow enhancing efficiencies 95 % for the hottest period of
the day. This means that the solar chimney cantefédg increase the mass flow rate
through the loft by 95 % compared to a loft withyoa vent at the apex of the roof.
For this specific analytical study based on thersohimney having a channel width,
depth and length of 0.7 m, 0.1 m and 1.8 m respagtand a peak solar radiation of
850 W/nf it was found that an air exchange rate of 6.6hmer was achieved for the
4.6 nT room at the hottest periods of the day, which egjreell with the literature.

During the night time however, the mass flow ratepd very rapidly, with air

exchange rates reaching only 2.6 per hour on agef#ys is mainly due to the low
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thermal capacity of the building materials makimgtiie solar chimney, especially the
collector itself which is a sheet of very thin eayated iron with low thermal capacity
and high conductivity. The collector therefore heafs or cools down rapidly
according to the intensity of solar radiation, @t of retaining some of that absorbed
heat and releasing it slowly during the night. laing) this, the collector could
continue to release heat into the channel at riggkehsure sufficient mass flow rates.
This might also prove useful during winter operatitm continue to warm the loft
space at night. It is concluded that for sumnparation, this low cost design would
work effectively during the hottest periods of thay in maintaining a degree of

natural ventilation in a small loft.

The sensitivity analysis for both the winter and suwen analytical studies provided
valuable insight into improving the performancetlod solar chimney. The two most
important parameters when designing the systenhasabsorptivity of the solar

collector surface and the tilt angle from the honmial. It was found that by simulating
a roof painted with a selective coating with abseify o = 0.8 and emissivity

e = 0.2, that the thermal efficiency for winter oggon increased by 200 % and the
flow enhancing efficiency for summer operation gased by 29 %. A selective
coating therefore increases the amount of solarggnabsorbed by the surface but
unlike a normal surface does not lose heat by tiadias quickly to the sky at night

time, and so maintains the heat collected throhghday for a longer period.

The tilt angle of the solar collector is another artpnt aspect of the design. The tilt
angle determines the quantity of collector aresoegd to the direct sun rays, where,
the higher the exposed area, the more solar engrgyllected. Initially, the test-rig
was simply built without any real thought as to dmtimum angle of the roof, which
is to enhance mass flow through the chimney chaandlabsorb as much solar
radiation as possible. It was found however, thd&atilt angle for the latitude of
location (3% proved to be very close to the optimum angle of & found by
Mathuret al (2005). This was further proved in the sensitiahalysis where it was
found that the flow enhancing efficiency decreak®dboth a 25° and 60° tilt angle

from the base case with a 45° tilt angle.
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In general the study proved to be informative rdopay the harnessing of solar energy
using a non-conventional low-cost solar chimney igiesfor passive thermal
regulation. It was found that the corrugated ir@nrfgrmed well as a cost effective
solar collector during the hottest and sunniestogdsrof the day but did not work
effectively in transferring the collected energythhe room during the winter and as
soon as the sun set for both the winter and sunoperation, mainly due to the low
thermal capacity of the corrugated iron and insoatmaterial forming the back of

the chimney.

7 RECOMMENDATIONS

Regarding recommendations and improvements to tindy sthe analytical model

should include the effect of radiation in the cheynand the thermal capacity of the
walls of the loft space. Means of measuring thevaiocities inside the chimney
channel must be implemented. This could be dongyusihot wire anemometer or
tracer gas measurement, as this enables the ewaluait air exchange rates of
buildings in real time, and further validates thealgtical results obtained from the

simulation model.

The simulation model can be made more realistic with addition of heat sources
within the loft space and including the effectsrafliation heat transfer inside the
chimney.Readings for summer operation should alsally be conducted during the
hotter months of the specific location, in thisedsanuary and February. The test-rig
could also be built more realistically, with briekalls and a larger room volume
which would also effect the thermal capacity anddeethe response period of the
experimental data as discussed earlier. CFD amsatyshe test-rig would also provide

valuable data to validate and compare with the ex@atal and analytical results.

To improve the general performance of the cost-g¥fecsolar chimney, the amount
of solar energy absorbed should be maximized aasf@ossible. The corrugated roof
can be painted with a selective absorber coatingroply a thick matt black paint to
improve its collector efficiency. For a fixed calter, the optimum tilt angle should

also be carefully considered before constructioretisure a maximum solar gain
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averaged throughout the year and still ensurinfjcserit chimney height to enhance

the buoyancy effect for natural circulation.

For winter operation, the solar chimney was foumdly do be effective during the
hottest parts of the day. The air is heated in thenoel effectively but additional
methods are needed to ensure mixing of the warracammulating at the top of the
roof with the cooler air in the loft. The use ofdker walls or insulation in the loft
itself would also help to retain heat accumulatedrd) the day. At night the chimney
actually cools the loft down to below ambient tenapere, which is not desired. The
use of a solar chimney to warm a loft during winiterthus not recommended, as
much energy is lost to the environment at night. ¢hienney could still be used for

natural ventilation, but additional methods of negthe living space must be sought.

To prolong sufficient mass flow rates during summjeeration, the thermal capacity
of the solar chimney materials should be increaSkdhods include the use of thicker
roofing sheets or tiles with higher thermal capatitan corrugated iron, or placing
phase change materials (PCM) beneath the roof. RGBbrbs large amounts of
energy while changing from one phase to anotheraledses this energy as heat at a
later stage as the ambient temperature drops #féesun sets. Such a study was
conducted by Kaneket al (undated) where it was found that the integratb”RCM
heat storage inside the solar chimney was availdlenatural ventilation in the
evening and night, if the PCM completely meltedha daytime. The PCM used for
their study was Sodium Sulfate Decahydrate, 3@ 10H,0” commonly known as
Glauber’s Salt, chosen because it changes phasedreB0 - 32C.

For the possible incorporation of this low-cost asolchimney into housing
developments requires more work on achieving thenymn combination of cost and
efficiency of the design. As it stands, the desgvery cost-effective and easy to
construct, but the practical results obtained frbra analytical and experimental
studies indicate it to be only a operationally fiekes during hours of peak solar
radiation. By continuing with these studies and nowng the performance of the
low-cost solar chimney with the recommendationsgiabove, the design could be
validated on a commercial scale and built into texgs and new housing

developments.
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APPENDIX A: THERMAL FUNCTIONS AND
CALCULATIONS

Density of air at temperatureT and pressureP
P

= Al
P = 28708(T) (A1)
Dynamic viscosityu of air at temperature T
U =2.288x10° +6.2598x10°(T)-3.132x10™(T)? +8.150x10™°(T)? (A.2)

(Kroger, 2004)

Kinematic viscosity of air

y=H (A.3)
Yo

Heat Storage Capacity of air at temperaturel

C, =1045.356:0.3161783T) +0.000708384(T)? -0.000000205209(T)°  (A.4)
(Kroger, 2004)

Conductivity of air at temperature T
k,, =-4.93778%10* +1.01809%10*(T)-4.62794x10°(T)? +1.2506<10*(T)*

(A.5)
(Kroger, 2004)

Prandtle number Pr

CP
Pr= (A.6)

Reynold’s number
The Reynold’s number characterizes the flow of afaccording to its velocity, the
distance its flows over a plateas well as the densigyand dynamic viscosity of

the fluid. The Reynold’s number indicates whethewfls either laminar or turbulent.
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Re="— (A.7)

Convection heat transfer coefficient from roof to avironment
For an inclined plate, the natural heat transfeffaent is:

k., Nu
h = alr A.8
up D)(f ( )

DX; is the length of the control volumk,; is the conductivity of the aifNu is the
Nusselt number for natural convection and is cakad using the Raleigh numifea
and according to the magnitude of the Reynold’s mermRe of the ambient air

flowing past the roof control volume as follows:
For the roof being cooler than ambient air the Mlissumber iNu= 027Ra’*.
Otherwise, for the roof being hotter than ambientNu = O.54Ra%‘if Re < 1181,

otherwiseNu = 054Ra’

gBcos@)(T, - T, )(DX,)*Pr,,

2
air

where Ra=

v

g = gravitational acceleration

le

T

film

T, +T,
= & 5 =, the average of the roof and ambient temperatures

film

6 = roof inclination angle

Pr = Prandtle number of ambient air

Note that the Reynold’s number is a function of Hedocity of the ambient air i.e.

depends on the input function of the wind velogitgfile for a specific day.

Convection heat transfer coefficient from roof to bannel air control volume
For the bottom side of a heated plate, the equatiorains the same:

_ k,,Nu

h =_m
down DX f

(A.9)
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However if the roof were to be hotter than theimithe channel theNu = 027Ra’*.
Otherwise for the roof being cooler than the airthe channelNu= O.54Ra%‘ if
Re <1181, otherwiddu = 0.15Ra%

gBcos@)(T, —T,)(DX )’ Pr,

where Ra= 5
%

m
g = gravitational acceleration

B=_1

T

film

T, +T
=—' ™ the average of the roof and channel air tempezsitu

film

6 = roof inclination angle

Pr = Prandtle number for air in channel
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APPENDIX B: TIME DEPENDENT INPUT FUNCTIONS
FOR COMPUTER PROGRAM

B.1  Winter program input functions

The input function for the solar radiation curve foe winter program was based on
two time-dependent functions. The first functiong{ifie B.1) was obtained by fitting
a continuous curve to the data measured by the sadéation meter for the 21of
June, a sunny cloudless day. The reason measuradw@dat used for the input
program instead of recorded figures from tables suaply because it was desired to
compare the experimental and analytical data dyresd the input solar radiation was

chosen to match that of the experimental data angpecific day.

Solar Radiation, G,

06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00 06:00
Time, t, [h]

Figure B.1: Incident solar radiation on a horizbplate in winter (sunny day)

Figure B.2 is a similar function obtained from datathe 1Y of July, a cloudy day.
However, the solar radiation sensor measures huak@late solar radiation only,
which must first be corrected by a certain georodaictor depending on the time and
position of the sun in the sky and the tilt angleh® solar collecting panel, in this

case the corrugated roof.
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Figure B.2: Incident solar radiation on a horizdépiate in winter (cloudy day)

The winter solar magnification factor or geometactbr was calculated knowing the
azimuthy and altitudew angles of the sun for each hour of the day for2ttieof June
(obtained from tables in Lunde, 1980), as wellhastiit angled of the roof itself.

Mathematically the geometric factor can be expréssethe relation:

_ cos)cos(y)sin(@) + sin(a)cos@)
- sin(w)

., (B.1)

Since the roof angle for the test rig was fixedidis desired to determine the effect of
tilting the roof to different angles in the senstif analysis hence the geometric factor
was calculated for a 2%nd 60 roof tilt angle as well. Figure B.3 plots the gezint
factors for all three tilt angles correspondingthe time of day. Hence the input
function to the winter simulation program is theltiplication of the geometric factor

and the solar radiation on a horizontal plate.

¢ 45° X 25° A 60°

Solar Radiation
Geometric Factor

0 : T T T T
06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00 06:00
Time, t, [h]

Figure B.3: Solar Radiation Geometric fadfgfor winter
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Similarly, the ambient temperature, relative humyidind wind speed were obtained

by fitting curves to measured data from the weasi&tiion and plotted in Figure B.4,
B.5 and B.6.

Temperature, T, [C]

Relative Humidity, %

wind speed, W, [m/s]
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Figure B.4: Ambient air temperature over 24 hours
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Figure B.5: Relative Humidity over 24 hours
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Figure B.6: Wind speed over 24 hours



B.2  Summer program input functions

The summer input functions for the solar radiatiord ageometric factor were
calculated in the same way as explained for thetewisimulation program. The

horizontal plate radiation is plotted in Figure B&low.

1200
1000 -
800 +---------2
600 -
400 +-----gf---m oo
200 & T

- | . . , . . |

0 +eo#

Incident solar radiation,
G, [W/m2]

06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00 06:00
Time, t, [h]

Figure B.7: Incident solar radiation on a horizéplate for summer

Referring to Figure B.8, the summer solar geomd#aator for the 4% roof angle is
noticeably lower than that of winter because thtediroof is exposing less of its
surface area towards the sun’s rays, compareditovére lying flat. Similarly, more
of the roof surface area is exposed to the dingectrays when the tilt angle is 2&nd
less is exposed when the angle increases toT8tus the horizontal plate radiation

plotted in Figure B.9 is reduced accordingly.
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Figure B.8: Solar Radiation Geometric fadfgior summer

Similarly, the ambient temperature, relative hutyidind wind speed were obtained

by fitting curves to measured data and plottedigufe B.9, B.10 and B.11.



Temperature, T, [C]

Relative Humidity, %

Wind speed, V, [m/s]
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Figure B.9: Ambient air temperature for a typicaldn summer
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Figure B.10: Relative humidity over 24 hours
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Figure B.11: Wind speed over 24 hours
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APPENDIX C: RADIATION EFFECTS

The effect of radiation heat transfer from the rtmthe walls of the room and from
the walls to the room air were not incorporatea ithte simulation model due to the
uncertainty and complexity associated with the citme of the room and the
equations needed to model this mode of heat trandfavever, a small simulation
program was written based on a simple polystyreneviath a corrugated roof lid as
seen in Figure C.1 below to determine whether #w being radiated from the hot
roof onto the walls of the room, which then rergelithis heat back into the room
space, does have a dominating effect on the tertyperaf the air in the room and the

time period over which this would occur.

Surface 1,
Corrugated iron
roof

Surface 2,
Polystyrene sides

<
I
|
i : <+
‘

2m

Surface 3,
Polystyrene
bottom

Figure C.1: Model for basis of radiation heat tfansalculation
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Considering radiation heat transfer, the structar€igure C.1 can be considered as
an enclosure consisting of three opaque, diffusg gurfaces; the top, the bottom,
and with the sides forming one surface. The propexif such a surface are that they
are opaque, diffuse emitters and diffuse reflectord their radiation properties are
independent of wavelength i.e. a grey surface (€erp03). Each surface can be
considered isothermal and both the incoming andang radiation are uniform over
the surface. These surfaces have surface areas &f, andAg;, emissivities ok;, &y,

&2; and temperaturel;, T, andTs as illustrated in Figure C.2. The air inside th& 30
stationary, so the only method of heat transfemftbe roof to the sides and bottom

walls and from the heated roof and walls to thasamia radiation and not convection.

A, e1, Th
o\
Ag, &2, To
. Stationary air, no a\
Ambient d mass flow L
conditions N Teonce
Te P N
N
X
As, 3, T3

Figure C.2: Cross section of box for radiation effiealculations

During radiation interaction, a surface loses endrg emitting radiation and gains
energy by absorbing radiation emitted by otheraz@$. The total radiation energy
streaming away from a surface, with no regard t®origin, is the radiosity. Each

surface has a surface resistance to radiation:

R==— (C.1)
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which is dependent on the ar&sand emissivity; of that surface. In addition, when
two surfaces radiate heat energy between each, dkigerate of heat transfer is also
subject to a space resistance:

1
AFnj

where F,_;is the form factor and represents the fractionadfation leaving surface

R, = (C2)

that strikeg directly as a result of the relative orientatidrtlee two surfaces to one
another.

The radiation model above can thus be described fstwaork representation of net
radiation heat transfer from surface to surfaceiarahalogous to an electrical circuit
of potential differences and resistances. The asist network for the three-sided

enclosure is shown in Figure C.3 below:

Eb1

Ris Ep,

Ebs

Figure C.3: Resistance network for radiation model

whereR;, R, andR; are the surface resistances denoted by:

C-3



R = 1';1‘:11 , R = 1;;22 and R,= 1';3;3 respectively
andRy,, Rz andRy3 are the space resistances denoted by:

_ 1 _ 1 _ .
R, = AF,’ R,; = AF. and R, = AFL respectively.

The three endpoint potentials;, E,, andEy; are the blackbody emissive power of
surface 12 and3 and for specified surface temperatures are equal,*, oT," and
oTs respectively. Since these are considered know,otfly unknowns are the
radiositiesJi, J, and J; which can be solved knowing that he algebraic stirthe
‘currents’ (net radiation heat transfer) at eacdenmust equal zero. Mathematically

this is represented as:

14 14 -0
R R Ris

J1_32+Eb2_~]2+‘]3_‘]2=0 (C.3)
R, R, Ros

J-J5 J-Js B~ s -0
Ris Res

Once the radiosities are available the net rateadiffation heat transfers from each

surface can be determined from:

_ JTi4_‘]i

c4
R (C.4)

Q

Concerning the geometry of the model in Figure @& ,form factors were calculated
asFi, = 0.2,F13 = 0.8 andF»; = 0.2 (Cengel, 2003). The areas are Agr= 4 nf,
A;= 16 nf andAs = 4 nf and the emissivities for the roof or surface #;is 0.2, and
for the sides and bottom= 0.8 anc:z= 0.8.

In order for the model to interact with the envinoent and the air in the enclosure, a

step-wise approach was used. The roof was givereeafeed constant temperature of
60 °C and the sides and bottom wall temperatdieand T; were guessed initially.
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The problem was then considered only for radiadod the radiation equations of
Equation C.1, C.3 and C.4 were solved to obtainnttteheat transfer radiating from
each surface.

The thermal model for the polystyrene box was atereid as shown in Figure C.4.
The roof surface was taken as one control volunik negligible heat capacity and
material thickness, the air in the enclosed box taken as one control volume, and
finally the walls and floor of the box, were divitlento 14 control volumes with

increasing thickness from the exposed surface éontludle as illustrated in Figure
C.4.

L ° T ]
T nr— ~— — - - — — — — - L

I I LU
|11 | 1]
|11 | 1]
|11 1]
| JINREL

Tee *IIIIIIIL T |
Tsn IIIIIIII:TS'l ® space |||IIIIIII
IRl
ta {TRRARL
| 0T

T I
EET LI T ML
wer v e — — _Ib3 i

F=====—0=====15

EEEEEEQ.EEEEEE

ToN

Figure C.4: Thermal model for polystyrene box

Conservation of energy applied to a boundary wall@ntrol volume
The boundary control volume for the bottom wall es@d to the inside of the box is

shown in Figure C.5.
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Tsu rfaces Tspace

Qradiation Qconvection

]

| |
Th1

|

Qconduction

Th2

Figure C.5: Wall inner boundary control volume

Three modes of heat transfer take place in Figube Radiation heat transfer between
the control volume and the side wall and roof tgiese as explained previously and
mathematically represented by Equation C.4. Theective heat transfer to the air in

the space is:

Qconvection = hb A) (Tb i Tspacg (C5)

wherehy is the convection heat transfer coefficient far Hottom surface and taken to
be 2,A, is the bottom surface area exposed to the ai@rspace and essentially equal
to As= 4 nf.

The conduction heat transfer taking place betwaerbbundary control volume and

the next control volume in the wall is:

_ kbA) (Tb,l - Tb,z)

Qconduction -

(C.6)

tb,l

whereks, is the conductivity of the polystyrene materiatiégy is the thickness of the

control volume in question.
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The change in temperature of the control volumer avegiven amount of time

At =t - t1 is then given by:

L, _THh — B Qconvection_ Qradiation B Qconduction
T2-T4 = At
' ' m,C,

Wherem, is the mass of the control volume abgthe specific heat.

Conservation of energy applied to a boundary wallantrol volume exposed to
the environment
Figure C.6 show the energy balance of the outetralovolume of the bottom wall

exposed to the environment.

Thn1

Qconduction

v
ThN

|

Qconvection

Te

Figure C.6: Wall outer boundary control volume

Energy enters the control volume from the adjacentrol volume via conduction as:
_ kbAb(Tb,N—l _Tb,N)

Qconduction -

(C.7)

tb,N

Energy is also lost to the environment from thecseaal outer surface by convection

as:

Qconvection = hb Ab (Tb,N - Te) (C8)
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whereTeis the temperature of the air at ambient condstion

The change in temperature of the control volumer avegiven amount of time

At = t,- tg is then given by:

TthN _Tbth - Qconduction _CQconvection At (Cg)
’ ' m,&,

Wheremy, is the mass of the control volume abgdthe specific heat.

Conservation of energy applied to an inner controvolume of a wall
Figure C.7 show the energy balance of the outetralovolume of the bottom wall

exposed to the environment.

Thji1

Qin ,conduction

v
Th

|

Qout, conduction

Th,ji+1

Figure C.7: Inner control volume of wall

The heat transfer from one control volume in thdl weathe next is via conduction

and expressed as:

— kb Ab (Tb,i—l - Tb,i )

Qin ,conduction —

and Q _ KA (Toi = Toia)

out, conduction
tb,i

(C.10)

tb,i—l
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Then the change in temperature of the control velwwer a given amount of time

At =t - t1 is then given by:

-l-bt2I _-I-bt1I — Qin,conduction _CQout,convection At (Cll)
' ' mC,

The conservation of energy applied to the boundangrol volumes for the inner and
outer surfaces for the side walls results in eguatsimilar to Equation C.4, C.5, C.6,
C.7 and C.8, only that the subscripis replaced witls for the side walls and the
convection heat transfer coefficient has a valug. of

Once the values of the control volume temperatafdbe bottom and side walls are
known, the new temperature of the air in the emtlospace can be calculated as

follows:

At :
Tspacenew = Tspace + W (Z Q) (C . 12)

'space™’v

where > Q = h A (T, = Tepacd + M Ty (T, = Tepacd)

Computer program

For the computer simulation, the above equations walculated for one time step
and the old values for the temperatures set equidet new values for the new time
step. The computer program was set to run for a lwor period as this was
considered ample time to consider whether radigpiays a significant role in the
third scenario for the summer simulation prograrthwie room having no mass flow
and no chimney. The radiation computer simulaticogm@am can be found on the data
CD of Appendix D.

The ambient temperature was taken to be constamttbe two hour period as 3C,
and the roof was set at a constant temperatur® 8€6The initial temperature of the
room was taken as 28C. The temperatures of the air in the enclosdigady,

surface 2 (Tsides) and surface 3 (Tbottom) andctimstant temperatures of the roof
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and the ambient air were plotted over a two hourode The results are shown in
Figure C.8.

Temperature, T, [T]

Time, t, [h]

Roof Ambient —x— Tspace —+— Tsides Thottom

Figure C.8: Results for radiation heat transfeeat

It can be seen that after about half an hour theésatures of the two surfaces and
the air in the enclosed space reach an equilibtemperature of 48C, which is 8°C
higher than the results obtained for the air insideloft containing no solar chimney
and no vents (Figure 5.11). This means that thecefif radiation heat transfer from
the walls and floor are not negligible when heatipgthe air inside the loft for both
the room with no vents and the room with vents, simould therefore not be ignored
in the thermal model of the system. It is furthenduded that radiation heat transfer
inside the actual chimney channel should also Wentainto account, to more
accurately portray measured data.
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APPENDIX D: DATA CD CONTAINING COMPUTER
SIMULATION PROGRAMS

Contents of CD
1 Simulation programs for analytical study for Chafie
1.1 Winter operation
1.1.1  Main program
1.1.2  Function files
1.1.3 Base case for winter sensitivity analysis
1.2 Summer operation
1.2.1 Main program
1.2.1.1 With chimney
1.2.1.2 Without chimney
1.2.1.3 Without chimney and without mass flow
1.2.2  Function files
1.2.3 Base case for summer sensitivity analysis

2 Simulation program for radiation effect calculatiam Appendix C
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