SOLAR INDUCED VENTILATION
IN THE ALGERIAN AND SIMILAR CLIMATES

by

Ammar BOUCHAIR

L S

Submitted in Accordance With the Requirements

for the degree of
Doctor of Philosophy (Ph.D)

Department of Civil Engineering
The University of Leeds
October 1989,



ii

ABSTRACT

" In hot climates ventilation can be a useful means of cooling dwellings, if the outside
air be cooler than that inside the dwelling. Often, in hot regions the outside air is so hot
during the day that cooling by ventilation is of no benefit until the evening when the outside
air gets cooler. Ventilation can then be beneficial, and can be promoted by a sun-warmed
cavity or "solar chimney’ added to a building on the sunward side. The cavity may be of
any material of high thermal capacity. Heat from the sun is stored within the walls forming
the cavity and heats the air within. The cavity is closed at the top and bottom by dampers.
These, when opened in the evening, allow the buoyant hot air contained within to rise,
drawing cooler outside air into the building. This process continues until the stored energy
is consumed.

The performance of a typical cavity to induce ventilation into a house is studied
experimentally and theoretically. The measurements are made on a full-scale model in the
steady state. Cavity width and air inlet area to the cavity are important parameters in this
study. Measurements are made on the temperature and velocity of the air. Observations
on air flow patternsin the room and the cavity are made. A steady state analysis is compared
with the measurements. A dynamic model is developed based on a finite difference
technique, and used to examine the performance of the cavity in various circumstances.

The results show that air movement can be produced by a sun-warmed cavity if the

dimensions of inlet and cavity width are kept at certain values.
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NOMENCLATURE
Symbol Description Units
A area - S - m?
b boundary layer thickness om
c specific heat capacity - | - JIkgK
C, ventilation conductance m’K W
D, hydraulic diameter | m
g gravitational acceleration 9.8m/s*
Gr Grashof number -
h, convection heat transfer coefficient Wim’K
h, radiation heat transfer coefficient Wim’K
mass flow rate kgls
Nusselt number -
heat loss ? W
pressure Pascal
Pr Prandtl number | -
R thermal resistance miK W
t time - s
T temperature °C
X distance from the wall m
v velocity mls
V volume m*
W cavity width m
Y cavity length | m



Z height | . , m
Greek Symbols

B volume coefficient of expansion of air K
€ surface emissivity -
P density kgIm®
o] Stefan-Boltzmann constant 5.67 x 10°*Wim*K*
A ~ thermal conductivity WimK
v air kinematic viscosity " 1.5%10%°m*/s
i air dynamic viscosity o 2% 107kg/ms
A difference 1 | | -
Subscripts
a air
ac cavity air
ai inlet air
ao outside air
ar room air

€o outside environment
g gas
gr ground
out outlet air
Si inside surface
sm mean surface
Y7, outside surface
Y ventilation
) surface
ve vent
wm middle of a wall

mir mean radiant

res resultant

1x



. CHAPTER ONE .

INTRODUCTION

11 Ceﬂeral |

Thermal comfort in buildin gs 1s the most important factor for builders and designers
to achieve. Unlike in cold climates such as Northern Europe, where heat conservation is
most required to combat cold weather, in hot arid climates heat causes discomfort and
cooling is the major need. In hot arid climates, day air temperatures often reach 45°C,
while at night they may drop to 5°C. Humidity is low and there is little rain. The absence
of cloud cover leads to intensive solar radiation, which heat up the surfaces to 70°C at
midday, while at night the rapid loss of heat by longwave radiation can cool them to 15°C

or less. The cool nights offer an opportunity to use cold air as a natural cooling source.

In warm climates, cooling a dwelling during summer may be achieved by cross
ventilation through doors or windows because the outside air is not very hot. However,
this cannot be the case for hot climates because the air outside is too hot for such use. In
the evening and during the night, the temperature of the outside air drops, and thus it can
be used for cooling ventilation. Golneshan and Yagoubi (1984) showed that encouraging
night ventilation and discouraging it during the day, could be a useful way of achieving
comfort in hot summers. A rate of 12 air changes per hour could be achieved by cross
ventilation using wind towers. However, in urban areas air movement may be very
restricted by building layout so that wind towers may be of benefit only if built high enough
and this may be too expensive. Moreover, there are‘icascs where the wind speed at night
1s very low, and thus cooling by ventilation is limited. It is of interest therefore to study

ways in which night ventilation could be improved by simple and low cost means, by



taking advantage of day and night conditions as experienced in hot arid climates. The
comfort temperature or 'Resultant Temperature’ in a hot arid climate suggested by the
CIBSE (1986) is of the order of 28 °C with low air movement but Nicol (1975) has shown
that thermal comfort can be achieved with warmer conditions if the air velocity is in the

orderof 0.25m/s.He observed in India and Baghdad, that 80% of people were comfortable

at a resultant temperature up to 36 °C.

1.2 Climate of El-Oued |

El-Oued isone of the hot placesin Algeriaanditis given here as an example. El-Oued,
laﬁtﬂde 33°30°N, and longitude6°47’E, is in the SE of Algeria. It has hot summers and
cold winters. The outside air temperature reaches its peak in July and its minimum in
January. In June, July and August, the monthly mean outside air temperatures are, 29.7,
32.5 and 31.7°C respectively. In winter the air temperature is low. In December, January
and February the mean temperatures are 11.3, 11.0 and 13.2°C respectively (figure 1.1).

The hottest month is July, the maximum hourly air temperature being 40°C at 1500 hours

falling to 25°C at about 0600 hours (figure 1.2).

Humidity is low in summer with a mean of 37 %, and high in winter with a mean of
65 %. Figure 1.3 shows the monthly means of relative humidity. Figure 1.4 shows the
variation of mean hourly relative humidity against time for the summer months. It can be

seen that the humidity rises to a maximum of about 55 % at 0600 hours with a minimum

of about 18 % at 1500 hours.

The sky is almost clear. There is little rain and a high rate of evaporation.

In general, wiﬁd speeds are recorded at 10m height above the ground to avoid
obstacles. In El-Oued the wind speed has an average of 4m/s in summer. Itincreases during
the day and decreases at night as it is shown in figure 1.5. The wind speed values plotted
on the graph are recorded at 10m height, and the CIBSE Guide suggests that they should

be reduced to take account of the type of terrain and the location. At 1m height, in urban
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areas, a reduction factor of 0.35 is recommended; and for cities a factor of 0.21. The wind
speeds given in figure 1.5 may thus be reduced by at least 65%. Wind speeds in El-Oued

are higher than in many hot climates and prevail from the east.

Solarradiationdata for many countries are not available due tolack of instrumentation
and theoretical estimation is necessary. For El-Oued, estimates were made using the CIBSE
Guide (1986), supported with some actual climatic data. Total solar radiation, for both
horizontal and vertical surfaces, was calculated for cloudless days and this illustrated the
variation in solar radiation intensity over a 24 hours period during summer.

Figure 1.6 shows total solar irradiance on the horizontal. The peaks appear at noan during
June and July when they are about 1100 W/m?, and for August slightly less at 1030 W/m?.
Figure 1.7 shows total solar irradiance on an east facade. As can be seen itis greater before
noon because the sun’s elevation at this time is low and thus much of solar radiation strikes
an east facade. The peak value of about 885 W/m? appears at around 0800h.

Figure 1.8 shows total solar irradiance on a south facade. These lower than those on the
East. The peaks appear at noon and their magnitudes depend on the month. The South
receives more solar radiation in August than in June and July. In August the peak is 670
Wi/m? in June, 500 W/m?; and in July, about 545 Wim?.

Figure 1.9 shows total solar radiation on a west facade. This is a mirror image of the east
facade. The only difference is that peaks appear at 1500h. The peaks for June and ] uly are
about 885 W/m? and for August slightly lower at 865 W/m?.

Figure 1.10 shows the total solar radiation on a north facade, which is much lower than
that on the others. Peaks appear at 0600h, at noon and at 1800h. The highest peak is in
June which is about 325 W/m?,

It can be seen from the above that in summer at latitude 33.3 °N, the north and south

facades receive less solar radiation than west and east ones. The comparison of these is

presented in figure 1.11.
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It is evident that the west facade receives higher solar radiation in the afternoon than the
South, this makes this orientation more irnportant than a South one for the purpose of heat

collection. For more details on the above climatic data (see appendix 1).

1.3 Comfort in Southern Algerian housing

Thermal comfort in dwellings depends upon various environmental factors such as;
air temperature, mean radiant temperature, relative humidity and air movement. The range
of conditions within which the majority of people would feel comfortable is called the
"Comfort Zone" (Koenigsberger et al. 1974). Various thermal index scales have been
developed to express the base conditions. These indices are discussed in details in refer-
ences such as Evans (1980). Olgay (1963) constructed a bio-climatic chart (figure 1.12)
from which the comfort zone is defined in terms of relative humidity and air temperature.
The lower and upper limits of thermal comfort in still air being 20 °C to 30 °C respectively,
within this temperature range, the relative humidity lies between 20% to 50%. As relative
humidity increases, above 50%, the Uppcf limit of the comfort zone decreases. Thus the
maximum air temperature for comfort appear to be less than 30 °C. In places where the
air temperature is higher than 30 °C, thermal comfort can be improved by improving the
air movement as shown in figure 1,12,

In hot climates such as El-Oued, the relative humidity in summer goes up to S0% in the
early hours of the moming (figure 1.4) which is within the comfort zone. At night and
early morning, the air temperature is low (figure 1.2) and is within the comfort zone,
consequently, ventilation at night to improve thermal comfort would be destirable. How-
ever, the bio-climatic chart does not include the mean radiant temperature which is an
important environmental factor that affects thermal comfort. The CIBSE Guide (1985)
suggests an index to express thermal comfort which takes into account air velocity, mean

radiant temperature and air temperature. It is called "Resultant Temperature”, it is usually
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recorded by a globe thermometer placed in the centre of a room. The resultant temperature
1s used as index to indicate comfort in cold climates but it also suitable for hot climates
(CIBSE 1986). The resultant temperature is given by:

_ T, +T,(10v)*

TM_W oy - % 4 - (1.1)

T,., = resultant temperature °C

» = mean radiant temperature °C
T, = air temperature °C

v.  =airvelocity m/s
At an indoor air velocity of 0.1m/s, the resultant temperature simplifies to:
T,,=0.5T,,+0.5T, (1.2)
.. For higher air velocities, say v = 0.3m/s, the resultant temperature becomes:

T, =037T,, +0.63T. (1.3)

Comparison of the terms in the latter two equations shows that air movement lowers
the meanradianttemperature term butincreases the air temperature. Howeversince comfort

is influenced to a greater extent by the radiant component, increasing air velocities is

beneficial.

Conditions in southern Algeria are very hot and without air conditioners or other
means of cooling, thermal discomfort is experienced. Thick walls may protect the building
from high resultant temperature during the day, but later in the evening, heat stored in the
fabric of the walls is released to the interior. This results in uncomfortably high resultant

temperatures. There are no studies of the range of resultant temperatures people in southemn
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Algena can tolerate. Webb (1964) studied thermal comfort in hot dry ones, and found that
acclimatized subjects, with sedentary conditions and normal clothing, were comfortable
in much warmer conditions than in hot humid conditions. The CIBSE (1986) states that
a comfortable resultant temperature, with low air movement for the U.K is from 20 to 22
°C but for hot climates it is 28 °C. Nicol (1975) shows that the comfort temperature for
temperate and cold climates ranges from 20 to 25 °C, whereas for hot dry climates this
range is much higher: in the order of 28 to 36 °C, with air velocities up to 0.25 m/s. This
difference is attributed to habituation and acclimatisation. Clothing also has an effect on
the preferred temperature because it insulates the skin from the environment. In the hot
dry climate of Algena, people usually wear white, light weight clothes called "Kamiss".

These allow air to move over the skin which in turn evaporates the sweat.

1.4 Existing methods of achieving comfort in Southern Algerian hous-

ing

Comfort in Algerian housing is generally achieved by air conditioning for the high
income population, and by traditional means for the low income population Traditional

ways of achieving comfort are:

-Evaporative cooling using pools or water sprinkled upon blinds and floors. The
ambient air is cooled by evaporation as it passes over wet surfaces. Usually the water
is kept in pools inside courtyards, in porous pots at windows, or by wet fabric hung
at windows. The disadvantage of cooling by evaporation is the increase in relative
humidity and the associated reduction in evaporation of sweat. The second disad-
vantage is that evaporative cooling requires water where it may be scarce.
-Building underground, the underground temperature at about 3m depth is stable
around 21°C. This offers desirable cool surroundings. However, building under-
ground may be expensive and an underground building will not benefit from cross
ventilation. Drainage from an underground building may be difficult.

-Using vegetation for shade. This reduces direct solar radiation to building surfaces.
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Examples are found in tilc city of M’zab in Algeria. In some dry places however,
plants cannot be easily grown.

-Building layouts with winding, narrow streets, built with thick walls from locally
available material such as stone, brick and mud. Thick walls have the advanmgc of
reducing and delaying heat transfer toliving spaces. The walls are usually constructed
with small openings to reduce heat. The disadvantage of thick walls is that they use
more material. ' |
-Ventilation through courtyards. The air‘in tthc courtyards is usually cooler due to
the evaporation of water from pools or due to low surface temperatures within the
courtyard.

-Using outside spaces, such as roofs for sleeping in order to catch night breezes, and

radiant cooling due to long wave radiation loss to a clear sky.

These ways of adaptation are common in most hot dry climates and are discussed in

greater depth in the literature survey in chapter two.

1.5 The present work

In some hot areas such as Southern Algeria, the temperature of the air during the day
is high, humidity is low, and air movement through buildings during the day brings no
benefit. The windows are usually closed &un'ng the day and opened for ventilation during
the evening, when the outside air becomes cooler. Buildings with high thermal capacity
take longer to heat and cool than the surrounding air. The inside of dwellings can remain
comfortable formuchof the day, whereas in early evening, when the outside air temperature
passes its peak, the hca:t built-up in the walls is released into dwelling. The air temperature
and surface teknperatures tend to increase beyond the limits of comfort especially with low
air movement at night, which is a characteristic of a hot climate. It is natural that people
living in hot climates adjust their activities to suit the climate. Work begins early in the
day while it is cool outside and continues till shortly after midday. People rest during the

hottest part of the afternoon. During this time the internal air temperature is still well below
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that outside. When activities restart later in the afternoon, the outside temperature is past
its peak but the indoor air temperature is still rising due to the release of stored thermal
energy consequently, people tend to move outdoors, spending time in courtyards, patios,
and on roofs. However, sleeping outside may sometimes cause thermal discomfort due to

the loss of long-wave radiation from the human body to a clear night sky.

It is intended in this study to investigate ways of improving thermal comfort inside
dwellings by increasing ventilationin the evening so that people can continue theiractivities
inside, rather than have to move conditions. One way of achieving this is by using a
sun-warmed or "solar chimney" constructed of stone, concrete or any other material of
high thermal capacity. It can be added to an existing building or made by modifying a
cavity wall such as is often used for thermal insulation. The cavity is to have dampers at
the top and bottom which are closed throughout the day, so that it is passively heated. In
the evening the dampers, and the windows of the room are opened to permit ventilation.
The air within the cavity flows upward by buoyancy Fthus"drawin g cool outside air into the
room through the windows. The air entering the cavity will take up heat stored from the
walls to prolong the upward flow. This naturally, will cool the cavity and the desi gn must
ensure that the rate of cooling is such that ventilation will continue for as long as is required.

The cavity design has a length Y, width W and a height Z (figure 1.13)

1.6 Purpose and scope of the study

This work was undertaken to investigate a technique to improve thermal comfort in
low cost housing in hot climates by cooling ventilation, without relying upon electricity.
Itattempts to develop a sun-warmed cavity or a "solar chimney" whichisused to encourage
air speeds through a room of 0.25m/s as suggested by Nicol (1975) to reduce the resultant
temperature inside a building to a comfortable level. When the incoming air is cool and is
moving, it will lower the air temperature and the mean radiant temperature of a room. The

effect of air movement on the resultant temperature is shown by equation 1.1. Moving air

will also cool the human body by evaporation of sweat.
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Air movement in a sun-warmed cavity is tested in the laboratory. The temperature
of the cavity is varied to cover the possible range of temperature experienced in-hot dry
climates. The air flow and heat transfer processes are analysed and examined. The effect

of cavity width, and inlet height on the performance of the cavity and air flow patterns are

assessed.

1.7 Methodology of the study

This study has three parts, as follows:

1) Historical. Expansion of traditional techniques available to promote cooling in
hot climates such as: wind towers, courtyards, evaporative cooling, building underground.
Special behaviour of people in hot climates is also reviewed, together with relevant areas

of ventilation for comfort conditions. Principles of air flow and of heat transfer in buildings

are also considered.

2) Experimental. Laboratory experiments are made to test the validity of the pro-
posed design and determine the optimum design parameters. Measurements using various
instruments such as a thermistor anemometer and thermocouples are used to measure the

flow and temperature. Smoke is also used to observe air flow patterns.

3) Theoretical. This includes:

a) a steady state analysis is undertaken and results compared with the measurements and
observations.

b) a dynamic model using a numerical method of implicit finite differences was evaluated.
This was done to examine the proposed design under various climatic conditions in southemn
Algeria where the climatic data from El-Oued was used. Some importantdesign parameters
such as the optimum azimuth and the external wall thickness were difficult to determine

by experimental techniques, so they are determined by a theoretical dynamic model.
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1.8 Outline of the thesis

Chapter Two reviews the relevant literajture in the following areas:
a) traditional passive ways of cooling, |
b) ventilation in buildings, ventilation needs for comfort, and existing methods of moving
air,
c) heat transfer mechanisms in building components.
Chapter Three describes the apparatus used for the observations, and how 1t was

built, the conditions of the measurement, the instruments used, and the limitation and range

of applicability of the apparatus as a whole.
Chapter Four presents and analyses the measurements and observations.

Chapter Five presents a steady state theoretical analysis which was used as a

comparison with the measurements.
Chapter Six compares and discusses theory and measurements.

Chapter Seven presents a dynamic model for heat and air flow in the cavity, with

]

reference to the magnitude of the flow produced by a sun-warmed cavity under the climatic

b

changes. The best azimuth, wall thickness and time of operation are discussed. |

Conclusions and recommendations for further work are given in Chapter Eight.
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CHAPTER TWO

LITERATURE SURVEY

2.1 Introduction

This chapter presents knowledge gained from the existing literature related to the

current study. The review 1s divided into:

-Traditional ways of achieving comfort™ ) S
-Ventilation needs for comfort

-Ventilation theory

-Air moving devices

-Heat transfer mechanisms in buildings

-Heat transfer and air flow mechanisms in cavities

-Dynamic models

2.2 Traditional ways of achieving comfort

In most hot climates, people have few energy sources (fuel and animals) apart from

the wind and the sun. They have learned from long experience various ways of maintaining

comfort inside dwellings. Especially popular are:

-air movement using wind towers and courtyards,
-evaporation of water,
-use of high thermal capacity material,

-shading using plants and building layout.
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2.2.1 Air movement

2.2.1.1 Traditional wind towers

Wind towers are traditionally used for cooling ventilation inside dwellings in the hot
areas of Iran and the Middle East. They are attached to dwellings and are up to 10m high
to catch breezes from any direction. The wind is directed down into the living quarters
(figure 2.1). They have been described and studied thoroughly by Bahadori (1978, 1979,
1981, 1985, 1987) and are sometimes combined with stairs and a basement to improve
their effectiveness.

Wind towers are mainly wind dependent, but, in the absence of wind, they might perform
like a chimney and cool by stack effect. Hot surfaces of the tower warm the air within

lowering its density. The air then flows upwards drawing hot air from the house to the

outside.

2.2.1.2 Courtyards

In hot climates, a courtyard has many functions; it provides:

-security and privacy e}spccially for children and women,

-light, since the house is inward looking provided with few and small openings on

the external walls,

-protection from glare and sand storms,

-ventilation.

-l -

During the day, surfaces of the courtyard remain cool for long periods. Fountains,
pools and plants promote the cooling of the courtyard. Air within cools by convection and
evaporation, and will be used for ventilating the house (figure 2.2a). At night, the heat
from the courtyard will partly be radiated to the clear nocturnal sky, and partly removed
by convection by the cool outside air, Meanwhile, hot air in the courtyard moves upward

drawing cool outside air through windows into the house (figure 2.2b).

A recent study on the performance of a courtyard was by Mohsen (1979).
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Figure 2.1 Performance of a traditional wind tower .
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Ventlation

One side of
the house
T 7T

a) during the day a courtyard gives shade to the house,
and 1s used for ventilation.

b) at night heat accumulated in the courtyard is dissipated to the clear sky,

hot air within courtyard flows upwards drawing outside air through .
the building.

Figure 2.2 Thermal performance of a courtyard in a hot dry climate.



22

2.2.2 EvapGration of water

Evaporation is used for space cooling using:

/

-porous pots filled with water, generally kept near windows to cool the incoming air

evaporatively (figure 2.3 a),

-fountains and pools are also built in counyai'ds (ﬁgﬁre 2.3 b) for the same purpose,

-Or wﬁatcli i§ sPﬁﬁHcd upon blinds and floors.

Evaporative cooling has been studied at great length by Bahadon (1979 and 1985)
and 1t is discussed by Golany (1980). Pﬁgh air temperatures are reduced by the latent heat
of evaporation, taken out of the air. The evaporated water is retained in the.air thus
increasing its humidity, which may not be undesirable in-hot dry climates. Evaporative
cooling may not be effective in the absence of air movement, because increasing of relative

humidity decreases the evaporation of sweat. It also requires water where it may be scarce.

2.2.3 High thermél éaﬁzzity rﬁnat#eﬁrial
2.2.3.1 Heavy buildings

In hot climates where outside air temperatures are so high during the day and so low
at night, dwellings are built with thick walls of high thermal capacity materials, locally
available, such as bricks, and stones, and mud mixed with straw (Golany 1980 & Evans
1980). These work as insulators and reservoirs of heat during the day (figure 2.4a). At
night stored heat 1s released partly to the house and partly to the outside (figure 2.4b). The
advantage of heavy buildings 1s that they provide comfortable internal spaces throughout
the day. Unfortunately, at night much of the stored heat is transferred to the inside causing

discomfort. This is why people in hot climates move outdoors at night to sleep on roofs

and balconies.

2.2.3.2 Underground buildings

Building underground is an effective way of keeping dwellings cool and it is tradi-

tional in hot climates. Matmata in Tunisia and Cappadocia in central Turkey are examples

(Golany 1980). The advantage of underground structures is that the temperature fluctuation
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W, Jar filled with water

a) Jar filled with water fixed to a window to cool
incoming outside air.by evaporation.

Room Il

b) Pools and fountains are built in courtyards for
evaporative cooling of the house.

Figure 2.3 Evaporative coolers used in hot dry climates
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b) At night heat is partly transferred to the inner spaces
and partly is dissipated to the clear nocturnal sky.

Figure 2.4 Thermal performance of a heavy building.



25

of the air within them is small compared with that of the air outside. The ground temperature
atadepthof 3mis stable atabout 21°C and any generated heat will be lost to the surrounding
ground which has a high thermal capacity (Holm 1983). Living underground has numerous
disadvantages such as ‘lack of !adcquate vcntilat}on and difficult drainagg. Consequently,
basements with living quarters above ground #e usually preferred. The basement 1s used

for rest during hot periods of the day, and for storing food and drinks.

2.2.4 Shading
~ Evans (1980) discussed the riwa)}s to pro:vidc minimum direct sun onto building

surfaces and can be summarised as follows:

-compact buildings in cellular layouts with winding and narrow streets to reduce
surface exposure to direct sun and to minimise heat build up on building surfaces,
-building surfaces painted white to reduce their absorptivity;

-blind external walls to reduce scattered radiation through windows; usually the
openings are placed high on external walls and opened at night;

-high courtyards, provided with deep galleries, to produce shade, radiate to clear

night skies and store cool night air for later use;
-high wall parapets for shading the roof;

-plants to shade building surfaces and ground from the sun and to give protection

against sand storms; the most common plants grown are palms.

2.3 Ventilation needs for comfort

Natural ventilation or airmovement in buildingsis ﬁquired tokeep theinternal spaces
healthy, to cool the surrounding surfaces of a building, and for thermal comfort.
2.3.1 Health

Ventilation is needed to remove smells, carbon dioxide, producgts of combustion,

pollutants generally, and to prevent condensation in dwellings. But the rate of ventilation
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for health is rather small compared to the rate of ventilation required for cooling. Studies

of the required rates of ventilation to keep a space healthy have produced different

ventilation standards.

Evans (1980) suggested one air change per hour is the minimum rate of ventilation

for odour removal.

Yaglou and Witheridge (1937) recommended that to keep human body odours down,

a minimum rate of ventilation per person should be:

-0.2m>/ min for an air space of 40m’ volume occupied by three adults, or 0.07m > min

per person

-0.45m* min if the number of occupants increases to 7 adults, or 0.06m*/ min per

person

-and 0.7m*/ min for 14 occupants, or0,05m % min per person. The differences between

these are hardly significant.
Klauss et al. (1970) summarised work carried out By Tredgold (1836) who reported

that the minimum air supply rate necessary to remove carbon dioxide, body moisture and

to supply oxygen to candles and lamps is 0.1 min per person, little more than suggested

by Yaglou and Witheridge.

ASHRAE (1985) recommended a minimum rate of ventilation of 0.14 m*/ min per

person to keep the concentration of carbon dioxide low, again rather more than Yaglou

and Witheridge or Klauss et al.

However, Klauss et al. (1970), on the other hand, stated that the concentration of carbon

dioxide was not a very good indicator for ventilation rate requirements.
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2.3.2 Structural cooling -

- Asstated above, ventilation can help reduce the temperature of the air inside buildings

if the outside air 1s cooler than that inside.

If a room at an air temperature T, is ventilated with outside air at temperature T,,, the heat

removed by ventilation is:
0,=Mc(T,-T,) (2.1)

As the room air temperature drops, heat is transferred from the walls to the air by

convection. Convective cooling is expressed by:
Q.=An(T,,-T,) (2.2)

Evans (1980) suggested that a ventilation rate of 10 air changes per hour is enough

to assist structural cooling.

h Ya goubzi and Golnesﬁan (1986), p?rcscntcd a theoretical analysis of a effect of variable
ventilation at night and during the day on the temperature of the basement using traditional
wind towers. Ventilation at night was allowed from 2300 to 0600 hours. With one air
change per hour the basement temperature remained constant. With ventilation increased
up to 12 air changes per hour, the basement air temperature dropped 2K during the day.
Increasing the ventilation rate from 12 to 30 air changes per hour did not make a significant
difference to the basement temperature. By keeping night ventilation constant at 30 air
changes per hour, and varying day-time ventilation from 1 to 3 air changes per hour, it
was found that basement temperature remained high. They pointed out that ventilation in

hot dry climates should be discouraged during the day and should only be allowed at night.

2.3.3 Ventilation and thermal comfort of the human body

" Thermal comfort depends on several factors such as mean radiant temperature, air

temperature, relative humidity and air movement. Over the last decade many studies have
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shown the importance of air movement on improving thermal comfort. Air movement
increases comfort because it increases heat loss by convection and evaporation from the
human Body. The amount Sf heat loss by convection dependé on the speed and tcmpei'aturc
of the air. van Straaten (1967) stated that at normal conditions i.e. air temperature 18°C,

relative humidity from 40% to 60%, and air velocity less than 0.25m/s, a person engaged

in sedentary work will dissipétc 30% of heat by convection, 25% by evaporation and the

rest by radiation.

Winslow et al. (1939) investi gatcd the influence of air movement upon heat loss from

a clothed human bodj). The convection heat transfer coefficient was:
h, =12v" (2.3)
forv <2.6m/s

so that the cooling effect of air at 0.5m/s is about twice that of air at 0.1m/s, and if the air

is at 2m/s the cooling effect is about four times greater.

Evans (1980) pointed out that air at a velocity up to 1 m/s is comfortable, but béyond

that air movement is unpleasant and causes movement of dust and papers. He suggested
100 air changes per hour or more for cooling the human body. Heat loss by convection
takes place if the air temperature is lower than skin temperature (usually between 31 °C
and 34 °C). As air temperature approaches skin temperature, heat loss by convection will
decrease. If the radiant temperature of the room equals or exceeds skin temperature, the
only way to dissipate heat 1s by evaporation. Lack of air movement will decrease evap-
oration, as the air layer adjacent to the skin will become saturated (Koenigsberger et al.
1974). If the body is exposed to severe conditions, with the surrounding air saturated and
warmer than skin temperature, and if the air speed is very low, heat gain will be positive

and the deep body temperature will begin to rise, causing a heat stroke. |
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Fanger (1963) gave a general equation for human comfort where he includes:

-environmental variables such as air humidity, mean radiant temperature and - air

velocity,
-type of activity

-type of clothing.

He constructed comfort curves based on mean radiant temperature versus air velocity
with activity level as a parameter. For a person wearing light clothing doing sedentary
work, the comfort line ranges from 25 to 28 °C for velocity up to 1.4 m/s. Discomfort

might be possible because of draughts when the velocity of the air is more than 0.6m/s.

Olgyay (1963) constructed a bio-climatic chart for a man doing sedentary work
wearing 1 clo. (a business man’s suit in the U.S before 1940). He showed a comfort zone
dependent on relative humidity, air temperature and velocity. His chart shows éleafly how
this comfort zone is increased by air movement. The upper comfort limit with still air for

50% RH is 30°C but this limit goes to 36°C with an air movement of 1 m/s. The only

disadvantage of Olgyay’s index is that he uses dry bulb temperature instead of mean radiant

temperature which is an important parameter in comfort.

Missenard (1933) developed a comfort scale called "resultant temperature” T,,,°C in

which the mean radiant temperature T, °C, the air tempcrafurc, T,°C and the air velocity,
vm/s, were combined. The resultant temperature is usually recorded by a thermometer at
the centre of a blackened globe 100mm in diameter. The resultant temperature is used as

an index to indicate comfort in cold climates but it also suitable for hot climates (CIBSE

1986). It states that; : | g

- T, +T,(10v)*’

T, =—"—o 2.4
1+ (10v)%° (2.4)
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At an indoor air velocity of 0.1m/s, the resultant temperature simplifies to:
T, =05T,+05T, (2.5)

Unfortunately indoor air is not always still, so that for higher air velocities, say v =

0.3m/s, the resultant temperature becomes:

T, =037T,, +0.63T, | (2.6)

Recommended values of the resultant temperatures for comfort are summarised by

the CIBSE Guide (1986). For arid climates the recommended resultant temperature 1s 28
°C. |

Various studies have been carried out in temperate climates for sedentary work in
normal clothing. The results showed that comfort temperatures lay between 20 and 24 °C
(Bedford 1936, Webb 1964 and Nicol 1975). However, Webb (1964) showed that subjects
in the hot dry climates of Northern India and Iraq felt comfortable in much warmer
conditions than were acceptable in hot humid conditions.

Nicol (1975) made a comparative study on several acclimatised subjects for England,
Baghdad in Iraq and Roorkee in India. He used the resultant temperature as an index. He
observed that English subjects were comfortably warm at globe temperature between 20
and 25 °C whereas in the hot dry conditions of Baghdad and Roorkee they were most
comfortable at a globe temperature of 32 °C. By increasing the air movement up to or
above 0.25 m/s, the sedentary acclimatised subjects had little discomfort, not more 20%
were uncomfortable until the globe temperature rose above 36 °C. The large difference in

comfort conditions between cold and hot dry climates may be attributed to acchimatisation

and habits of people.
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2.4 Ventilation theory. .

Ventilation is generally necessary for purposes such as pollution control, and removal
of excessive heat generated from occupants and hot weather. Ventilation may be achieved
either mechanically, using fans and ventilators, or naturally using wind and/or stack effect.
Mechanical equipment reduces internal pressures which induces air intake through
openings in the building envelope. It may be affectcd by the action of wind and stack effect
unless the building envelope is airtight, but this may reduce internal air quality (Liddament
1986). Totally controlled ventilation is expensive and has running costs which are generally

not acceptable.

Natural ventilation results from winds and a temperature difference between external
and internal air (stack effect). The presence of fireplaces, chimneys and wind towers
enhances the ventilation of dwellings. The iﬁsadvé.ntage of natural ventilation is that the
rate of air flow cannot be readily controlled due to climatic cﬁangés; Wind and stack effect
can act independently or be combined. Natural ventilation occurs through a wide variety
of openings such as windows, doors, chimneys and cracks. If there is an applied pressure
difference across an opening then a flow of air will take place. The magnitude of air flow
will depend upon the dimensions and shape of the opening, which, according to CIBSE

Guide (1986), can be expressed by the following equation;

0.5
(AP)} 2.7

=C
0,=cappd

where

Q, = the rate of ventilation (m?*/s)

C, = discharge coefficient which has a value equal to that for a sharp-edged opening
which is 0.6.

AP = pressure difference across opening (Pa)

A = area of opening (m?)



A typical building will have various openings differently placed, so that an effective
area A, is used to represent the openings. The effective area of a number of openings A1,

A2 and so on, combined in parallel, across which the same prcssuré is applied, is given by

CIBSE Guide (1986) as,

A =Al+A2+...

For a number of openings combined in series the effective area may be obtained by

adding the inverse squares and taking the inverse of the square root of the total as follows,

The use of a discharge coefficient in the estimation of air flow rate 1is suitable for
sharp édged orifices or sharp edged openings in a system. But in reality, the flow of air
may take place within a system of comﬁlicatcd configurationdwhcrcby tfle diséhargc
coefficient is not appropriate. For cracks around doors, windows and in the building
enveloﬁe generally, with long flow paths, the nature of the flow is different and is dominated
by the effect of viscosity (Liddament 1986). The flow through these cracks is generally
laminar and is proportional to the applied pressure difference. A general equation known
as the "power-law equation” is essentially given to approximate the air flow rates through

any flow system configuration for both laminar and turbulent regimes. This is expressed

as follows;

where -

K = flow coefficient, which depends on the configuration of the opening

n = flow exponent, which depends the type of flow. It ranges from 0.5 for turbulent

flow to 1.0 for laminar flow.
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Equation 2.8 comes from the fact that a driving total pressure such as stack effect,
wind or any external applied pressure should be equal to the pressure losses throughout a
system where a fluid flow is taking place (Cronvall 1980a, CIBSE 1986). If we assume
for example a flow of air taking place from the ﬁoutside into a duct and then out of the duct
due to an applied pressure AP. If the duct has an area A, vertical to the flow direction, with
inlet area of A, and outlet area A,, thus the driving pressure will be equal to the pressure
losses due to inlet, friction along the duct and exit. These pressure losses are generally

expressed in terms of velocity pressure as shown below,

_1
)

), ] 1
Kﬁpivl + 2

AP 2

K dpdvj +=K 0 pov: (2'9)

where
K, = inlet loss coefficient, equal to 0.5 |
K, = loss coefficient along the duct which is dependent on friction factor and the
dimensions of the duct, K; = 4fL/D,, where f is the friction factor, L is the length of
the duct (m), and D, is the hydraulic diameter of the duct (4 area/perimeter).

K, = outlet loss coefficient, equal to 1.

Values of K for different system configurations are listed in the CIBSE Guide (1986)
and Cronvall (1980). | |

The velocities in equation 2.9 can be converted in terms of volume flow Q, giving,

AP =

1.2 Kip;
el -

Equation 2.10 can be rearranged for Q, which will then be in similar form as equation 2.8,

with the exponent n =0.5. Equation 2.10 is in fact a general fluid flow equation for a

turbulent regime in pipes, ducts and flues and is applied in buildings (Cronvall 1980).
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The air flow rate in ducts and chimneys will be then given by,

A NS N * |
0, =Ad[2 P fzp] (AP)** | (2.11)

where

A, = cross sectional area of opening (m?*) .
P = cross sectional perimeter (m)

f = friction coefficient

p = air density in the duct (kg/m?)

The pressure difference AP in natural ventilation is due to wind or to stack effect.

Wind pressure is generally expressed by Bemoulli’s equation as,
AP =(112)C,v* (2.12)

where

C, = pressure coefficient which depends on the wind direction and height

- v =mean wind speed (m/s)

The wind speed varies with height and the type of terrain and topography. Generally,
the meteorological data for winds are recorded at 10m above the ground which should be

corrected for design applications depending on the height and type of terrain (CIBSE Guide
1986, BRE Digest 1978).

A pressure difference may arise as a result of density differences between the air
inside a building and the outside which will create air movement through openings. When
the internal air temperature is higher than that outside, air enters through openings in the
lower parts of the building and escapes through openings at higher level. The pressure

difference due to temperature difference between the air inside and that outside may be

given by;
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AP =gZ(p;-ps;) (2.13)

[ } ‘.

where, p,; and p,, are densities of inside air and the outside air (kg'/m *). From the gas law,
the density of air at temperature T is given by its density at a reference temperature usually
0°C or 273°K, where dry air has a density of 1.293 kg/m® (CIBSE 1986). This gives
p =1.293(273/(273 +T)). So equation 2.13 becomes;

| 34632 .. ...
s 222 (7T 2.14
! AP =o)L +213) s 1) L

where
T,; = absolute temperature of air inside building (°K’)

T,, = absolute temperature of outside air (°K)

Z = the height difference between two openings (m)

2.5 Air moving devices

There are various ways for moving air passively inside buildin gs;, tﬁosc most rcicvant
are solar heated chimneys and traditional open fire chimneys. \
2.5.1 Thermal chimneys

Thermal chimneys have been used to eliminate smells from latrines, for drying and

for the ventilation of buildings, especially parts below grouhd.

Ryan and Mara (1981) worked on the application of solar heated vent pipes to exhaust
smells from traditional pits or "squat toilets" in Botswana and Zimbabwe. Vent pipes can
exhaust odours from pits, but there are problems. They reported that in windy places, wind
is the predominant factor in raising the rate of ventilation and sometimes works in the
opposite direction to stack effect. Vent pipes might not be effective in wet seasons when
cloud cover can be high. Their work was mainly concerned with a rather tinny devices

‘withoutregard to their thermal capacity. The flow of air through the vent pipes was assumed

fully upwards. Field measurements were not reported.



Zambrano and Alvarado (1984) reported a theoretical study on the use of a thermal
chimney for drying. Agricultural products such as fruits can be over-dried with high solar
radiation and low air velocity. Air movement using a chimney in the shape of a truncated

inverted cone was reported to be greater than with a cylindrical one. The temperature

decrease recorded was of the order of 12 X.

Underground structures usually do not benefit from cross ventilation. The inside air
temperature of an underground building is lower than the ambient air temperature during
the day, which will not help ventilation. Orlowski (1979) discusses the use of a thermal
chimney projecting through the roof to the outside. Air movement may be increased by

heating the air at the bottom using a solar collector with a hot water coil. That was in the

form of a proposal and no results were reported.

Haislcy (198‘i') reported a theoretical study on the use of a solar heated c}]imney
combined with an évaporatively cooled one to prbvide cooling ventilation during hot;days.
In the solar chimney the air is heated usin g a solar heated plate at the bottom of the chimney,

whereas in the evaporative shaft, the air is cooled by evaporation of water. No results on

the rate of air flow were reported.

2.5.2 Open fire chimneys

A solar chimney and an open fire chimney differ in that in the former the heat needed
to cause an upward flow does not come from a fire at the bottom, but from the sun. But in
many respects they are similar. Expeﬁcncciin designing traditional flues may therefore be
relevant. | '

The rate of air flow in a chimney in general depends on:

-the temperature difference between the hot gas in the chimney and the cold outside

air,
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-the height of the chimney,

-its internal resistances,

-external influences such as wind

Temperature difference creates a pressure difference (buoyancy pressure), which is
equal to the difference between the pressure exerted by the weight of a column of gas in

the flue at temperature T, and that exerted by an equivalent column of outside air at

temperature T,,, given by:

AP =Z(p, ~p.,) @2.15)

If the buoyancy pressure is not enough to exhaust the gas to the outside, smoke can
g0 back into the house. The main factor that can cause low buoyancy pressure ina chimney
is heat loss to the environment, especially in the presence of wind. Various recommen-

dations dealing with this problem are given by BRE Digest (1973) which recommends the

reduction of heat loss from a chimney by:

-incorporating thermal insulation in the chimney

-reducing the size of the flue

Page and Cheyney (1980), suggest that a chimney should be placed internally

wherever possible.

Daws (1966) pointed out that heat loss is caused by a large secondary air flow through a

fire front. A throat restrictor can be used to narrow the inlet so that secondary draughts

will be reduced (Fox & Whittaker 1957).

The height of a chimney is also an important factor which increases the buoyancy

pressure and thus the amount of air flow. It is well known that the higher a chimney, the

greater 1s the rate of combustion.

The rate of air flow decreases as the resistance in the flue increases. This resistance 1S

UNIVERSITY LIBRARY LEEDS
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caused by bends and the roughness of internal surfaces. Bends should be avoided whenever
possible and be no greater than 45 © as they will increase resistance (Page and Cheyney

1980). Rough surfaces with low flue diameters increase flow resistance if the flow is

turbulent, - - o -

Wind can cause downdrau ghti which can be modiﬁcd l;y cowls etc. (Page & Cheyney
1980). However winds caﬁ help‘increase the flow rate of a flue by suction. This can only
occur if the chimney top is placed away from obstructions, such as roof ridges and nearby
objects (Daws 1966). Schmitt and Engahl (1948) suggested that a chimney should rise at

least 0.3m above the ridge to avoid the region of turbulence.

2.6 Heat transfer mechanisms in buildings

Heat is transferred via the mechanisms of conduction, radiation and convection.
Conduction of heat takes place in solid materials from points of higher to points of lower
temperature. Radiation takes place between building surfaces of different temperatures.

Convection takes place between a surface and the adjacent air. These mechanisms are
explained in detail in the following sections.

2.6.1 Conduction

The rate of heat flow by conduction in a material depends on the following quantities:

-the thermal conductivity of the material,

-the area through which heat flows measured perpendicularly to the direction of the

heat flow,

-and the temperature gradient at the section with respect to distance in the direction

of flow.

The mathematical form to express heat by conduction is given by;

Q/A =-=\dT/dx (2.16)
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The direction of increasing distance x is the direction of positive heat flow. Since
according to the second law of thermodynamics heat will flow from points of higher
temperature to points of lower temperéture, heat will flow will be positive when the
temperature gradient is negative. Where Q/A is the rate of heat flow expressed in W/m ’K,
A is the thermal conductivity of the material indicating the quantity of heat flow across a

unit area if the temperature gradient is unity, it is expressed in W/mK.

Integrating equation 2.14 in respect to x, yields

Q/A =-Z-'AT (2.17)

where, AT is the temperature difference between the hotter part and the cooler one, (K).

2.6.2 Radiation

The quantity of heat leaving a surface depends upon the absolute temperature and
the nature of the surface. A surface of areaA m* at absolute temperature 7°K and emissivity

€ radiates energy at the rate of:

oeAT” (2.18)

where © is the Stephan-Boltzmann constant.

The radiation exchange between two surfaces at temperatures 7, and T, °K with

emissivities €, and €, is given by:

Thus, the radiation coefficient is given by:
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o(T,+T,)(Ti+T;

p =Lt D+ Ta) (2.20)
1._1+_:.(.!._1)+_!_
g A\"B Fia

where,

C,, = configuration factor which is given by:

Cpp=————————— (7.21)

F,, = relative shape factor.

The relative shape factors, F, etc, for simple and complex shapes are presented in detail

by Howell (1982) and Wong (1977).

)!

2.6.3 Convection

Convective heat transfer occurs between a surface at a temperature T, °C of area

A (m*%) with an adjacent fluid such as air at atemperature T,°C.Itdependsonthe temperature
difference between the surface and the air, air movement over the surface, the roughness

of the surface, and the orientation of the surface (horizontal, inclined or vertical). It 1s

generally defined from the following equation:

Q/A =h(T,-T)) (2.22)
where h_ is the convection heat transfer coefficient (W/m?).

Various correlations for convective heat transfer coefficients used for various
building components were found in the literature. Most of these were empirically derived
for sizes smaller than those of building surfaces which are much larger. The magnitude of
the convection heat transfer coefficient depends on the process involved. For still air or

low velocities, natural convection takes place and the heat transfer coefficient depends on
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the temperature difference between the air and the surface. The natural heat transfer

coefficient over a vertical surface is calculated from empirically derived equations given

in a general form by:

Z
h{ =C(GrPr)’ (2.23)

where

C and n =constants whose values depend on whether the flow is laminar or turbulent.
These are given by several authors such as McAdams (1954), and Eckert & Jackson

(1950). For laminar flow C = 0.55 and n = 1/4, for turbulent flow C =0.13 and n =
1/3.

Alamdari and Hammond (1983) have stated that one of the bigqprLoblcms in hcat
transfer by convection is the use of two part correlations, one for laminar and one for
turbulent flow with an abrupt change in exponent. This can give rise to numerical instability

in dynamic models. They have proposed an equation which fits both 1aminar and turbulent

flows over vertical and horizontal surfaces. They point out that for horizontal surfaces,

with downward heat flow, there will be no turbulence due to thermal stratification. Their

correlations are given in SI units as follows:

a) for both vertical and horizontal surfaces,

1
o i

h, ={(A (%ZDMHB (AT)")"‘} (2.24)

where A,B,p,q and m are empirical constants which depend on the heat flow

direction, summarised as follows:

A B p q m
Vertical surface 1.5 123 1/4 1/3 6




