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ABSTRACT

During the summer, buildings in hot dry climates have the

- lnevitable problem of cooling. These climates are characterized by

hot summer days with cold nights, a high degree of solar radlatlon,
low humidity and with a nearly fixed seasonal and daily pattern of
wind. These natural phenomena could be exploited by nocturnal
ventilation to cool the building fabric, thus saving energy during
the day and providing comfort at night.

The procedures to evaluate thermal performance of buildings with
special reference to nocturnal ventilation are studied. Varlous
approaches to building thermal response are first reviewed. Dynamic
thermal simulation computer models are developed to predict hourly
'internal temperatures’. These are used to study the various
constituents of models. They are based on:

-the Admittance Method (as suggested by the CIBSE Guide);
-a similar procedure but with higher harmonics;

-the Response Factor Method (suggested by ASHRAE);
-and the Finite Difference Method.

A room surrounded by similar rooms in a multi-storey building,
having only one external 'wall, was simulated in the laboratory. It
was subjected to typical variations of a hot climate. Predictlons of

the computer simulations are compared with laboratory results and it
is shown that:

-the closestfagbéement waé obtained with the Response Factor and
Finite Difference methods which are equally good;

—-for higher rates of ventilation, representation of a room by a
simple three nodes model thermal network will give sufficiently
‘accurate results; while Tfor lower rates of ventilation a more
detalled model gives more accurate results:

-the standard Admittance Method gives adequate results,
especially with higher rates of ventilation. It could also be used
for hourly temperature. -calculations and variable ventilation without
loosing significant accuracy;

- =a fuller treatment in the Admittance Method of time-lag and
time-lead associated with the dynamic thermal factors,will not
greatly improve the results. An increase in the number of harmonics

in the procedure did not also result in significant improvements,
especlially with a high rate of ventilation.

Natural ventilation into rooms through open windows in these
climates is theoretically investigated. It is shown that the rate of
natural air’ flow obtained may be sufficient to meet the requirements
of- passive cooling by nocturnal ventilation.

A computer program is developed to calculate the rate of air
flow in multi-zone buildings, and a new relationship is suggested,
which will reduce the complexity of natural air flow calculations in
multi-zonelbulldings subjected to cross ventilation.
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NOMENCLATURE

This nomenclature is wused throughout thls theslis,

Indicated locally.

Symbol

unless

Unit
A area m°
in ventilation conductance W/K
Cd discharge coefficient —_—
Cp specific heat capacity J/7kg K
d distance m
F surface factor —
f decrement factor _—
g Accelaration due to gravity n/s°
Gr Grashof number -_—
h radiation conductance W/m°K
hc heat transfer coefficient for convection W/m°K
I total fsolar intensity W/m°
1 thiékness m
N number of air changes per hour h™t
Nu Nusselt number —_—
P pressure | Pa
Pr Prandtl number —
Q rate of heat flow W
R thermal resistance m°K/W
RSl inside surface resistance m°K/W
'Rso outside surface resistance m K/W
T temperature °C
Tc dry resultant temperature °c
Tel environmental temperature °c
-Tr mean surface temperature °C
t time S
U thermal transmittance W/m°K
Vol volume 3



vV air velocity

\' ventlilation rate

X distance

Y admittance

Greek

o thermal/ diffusivity

B . glass reflectance

€ Surface emmisivity

A thermal conductivity"

w time lead for admittance

¢ time lag for decrement factor
1/ time lag for surface factor

p density

T glass absorptance

o Stefan Boltzman constant §.67x10°°
Subscripts

al’ inside air

ao outside air

s surface

si " Internal surface "

ri mean surface temperature of a room’
si internal surface -

50 - external surface
Superscripts

IX

daily mean of a value ik

swing about the mean of a value

m/s

m /s

W/m°K



CHAPTER ONE

INTRODUCTION

1.1 General
The most basic function of a building is to control the

internal environment, in order to make it suitable for healthy and
comfortable living. Buildings in hot climates like those in parts of
Iran have the inevitable problem of cooling during the hot summer
days.

In the past people who lived in these areas have learned to
cope, and make use of the outside environment, to create and control
comfort in their buildings. This was mainly achlieved by experience
through generations and many years of trial and error. With the
modern change in life style, construction techniques and architecture
generally, the old solutions tend to be neglected.

If energy is freely spent, with present knowledge and equipment
the internal environment of a building can be comfortable regardless
of how uncomfortable the outside environment is. But the customary
energy source will not last indefinitely and also the techniques and
equipment are not universally available, especially in developing
countries, and they are also expensive to build and use.

In a2 mild climate, like that of the U.K., cooling a dwelling on
a warm summer day could be achieved by natural ventilation through
open ‘windows, but in the hot climate of Iran, the outside air is so
hot during the day that it cannot be allowed in for cooling purposes.
From late afternoon' until early morning the outside air drops to a
lower temperature, suitable for cooling the body as well as the
structure. Night ventilation is consequently the dominant method of
cooling buildings for many months of the hot season. A well designed
building  could be kept comfortable by natural ventilation, without
alr conditloning. Even with air conditioning, night ventilation
reduces the |internal - temperatures, (air and 'surfaces) and
consequently energy will be saved.

~In recent years attention has been given to passive cooling, but



most studies are qualitative descriptions of past experience.

It is desirable early in the design stages to predict the
thermal response of bulildings and evaluate comfort attainable by
night ventilation. A suitable procedure would be a compromise between
accuracy, reliability, simplicity and ease of use. The purpose of
this study is to examine existing techniques and to develop such a

procedure with reference especially to night ventilation in hot arid

climates. In this study special attention is paid to hot arid

climates of Iran and similar climatological data is used where

required.

1.2 Hot and dry climate of Iran:

Iran is a large country, between latitudes 25° and 39° North and
longitude of 25° to 45° East. In world climatology Iran is classified
as a tropical and subtropical region. (Tavassoli 1976) Nevertheless
because of 1its special geographical location it contains other
climates, such as those around the Caspian sea in the north (mild and
wet); the Persian Gulf and Oman Sea in the south (hot and humid); and
mountainous areas of the west and north (cold and dry).

The hot and dry climatic regions of Iran have special
characteristics, which include high solar intensity, hot days and
cold nights, very high energy loss to the sky during the night, low

relative humidity, very low rainfall, and a dominant pattern of

prevalling wind.

The low relative humidity, the clear sky and low cloud cover
cause a quick rise in air temperature during the day. At night
because of the low thermal capacity of the dry air, its energy will
be lost quickly and its temperature will fall. This variation of
temperature between day and night becomes as much as 20 K in some
summer months. The high angle of inclidence will also cause a high
energy gain by building surfaces during the day, while absence of
cloud permits easy release of stored heat, by long wave radiation to
the sky. These climates have a fixed pattern of wind, and usually a
desirable wind blows at a fixed direction at a lower temperature than
that of the ambient air. In some directions the wind might be warm
and carry sand. Temperature diversion 1is also a significant

phenomenon.

Table 1-1 summarizes some climatological data for cities during
the summer. | '



Table 1-1 Weather data for some cities in Iran

Alr temperature Relative
Latitute| daily humid}l ty(%)
mean

Tehran -

Yazd

1.3 Night ventilation requirements

In a theoretical examination of cooling bulldings in Yazd in the
hot arid parts of Iran, Golneshan and Yaghoubi(1984) has shown thatl
comfort could be achieved during hot summer days by ventilation at

night and suitable design. A ventilation rate of 12 to 30 air changes

per hour during the cold period of the night is suggested and
infiltration during the ,day is discouraged. In another investigation

for Aswan in Egypt, Al-Awa (1981) has suggested the same range of
ventilation rate during the night. He has shown that 40 alir changes
per hour will result in reasonable room air temperature, if the house
is suitably designed.. | |

Such rates of ventilation could be achleved by cross
ventilation, using the dominant wind direction and an appropriate
configuration of openings. In rooms with all windows only on one
wall; (single sided ventilation) the rate of air flow may not be
sufficient for cooling purposes. The air flow rate could be enhanced
by certain devices. One such device is the wind tower traditionally
used in passive cooling in Iranian architecture, described below. The
air flow rate could be increased by adding baffle walls besides
windows. With an oblique wind the average air speed in a room with

single sided ventilation, may be increased in this way from 8% to 354
of that of the wind outside. (Givoni 1981)

1.4 The architecture of the hot and dry climate of Iran

The people in the hot arid regions of Iran have adapted their
way of living and their dwellings to the conditions imposed by the



outside environment with methods such as:

-reduction of the exposed surfaces of buildings by attaching

them to each other:

-use of thick heavy brick and adobe walls to exploit the high
dally fluctuation in outside air temperature;

-reduction of the area of glass to decrease the rate of solar
gain;:

-by. living and sleeping outside during the night and opening
doors and windows to exploit long wave radiation loss to the sky.

They also avoided the high solar radiation by constructing
court-yards and earth-sheltered dwellings. This also allowed them to
move around the house according to the season; using south facing
parts during the winter and north facing parts in the summer. They
built ponds and planted trees and shrubs in the court-yard to
increase the relative humidity of the air.

Such methods and: innovations have resulted in an especial
architecture of the hot and dry regions of Iran. Tavassoli(1975) has
outlined their main architectural elements as: court-yard houses;
large terraces in front of buildings (eivans); domed roofs and wind
towers ( Baud Geers); of which the last two are used for cooling; by
heat transfer by convection and increasing the rate of air movement.

Domes and vaults are- the essential elements of Iranian
architecture, used for both public buildings and dwellings. Apart
from their structural advantages (being lighter and cheaper than flat
roofs where timber is scarce), they are also of great use in passive
cooling for example a domed roof provides more air flow in the room
below. A hole at its apex will increase the rate of natural air flow
in the room. Haghighat and Bahadori (1983) have studied the rate of
natural ventilation in buildings employing domed roofs, with openings
at the crown.- When compared with flat roofs the domed roofs always
increase. the air flow rate through the buildings. This increase
becomes significant in buildings with all windows and -doors on one
side (single sided ventilation), or when the building envelope cannot
provide enough pressure difference across openings. This increase in
air flow rate could be as high as 250%.: Cavity domes (or double
layered domes) are also widely used in larger buildings. By providing

openings on the outer dome and on the apex of both layers, the alr
would circulate between the layers and through the building below. It
will decrease the temperature of the surfaces. This large air flow

rate in bulldings may be utilized to store night alr coolness in the



structure more effectively and keep the temperature of the interior

surfaces low, thus decreasing the mean radiant temperature for better

summer comfort.

One of the finest examples of the use of natural ventilation in
bulldings are wind towers which are widely used in the hot arid
regions of Iran. (Bahadori 1978)

Wind towers are masonry structures designed to provide natural
circulation of air through the building. They collect cooler air at
higher level and lead it into the building. There 1is always a
circulation of air through wind towers. (Bahadori 18738) Their
function differs between day and night. At night, when there 1s no
wind they act as a chimney to maintain a circulation of air through
the attached building, and, when there is wind, the alir moves in the
opposite direction. The coolfng of its structure is accomplished both
by long wave radiation loss to the sky and by convection with cool
night alr. During the day when there is no wind, the tower works as a
reverse chimney. The hot outside air will enter and pass through the
tower, and during its Journey loses energy to the structure of the
tower, cooled during the previous night, and enters the room. When
Lthere is wind, the air enters the room at' a higher rate. There are
different types of wind tower shapes, various tower heights and
openings, cross section and structure. Some of them are connected to
an underground room (sardab), to circulate air through it, in order
to increase humidity and use the coldness of the underground alir.
They were. also connected to cisterns to cool the space for storing
lce during hot summer days. (Bahadori ) Figure l.l1shows an example of a

dwelling with a wind tower in Iranian architecture.

1.5 Thermal comfort in hot arid climates .
The human body’s thermal comfort dependspon the combined effect

of the mean radiant temperature, the ambient air temperature, the
relative humidity and the air velocity, besides the type of clothing
and the level of activity. Varlious thermal 1indices have been
developed to give a basis for comfort evaluation, which differ in
thelir approach to the problem, assigning different importance to the
factors, thelr range of applicability, the precision and data
requiﬁed etc. (Eleven such indices are reviewed by Sodha et al. 1986)

In the “U.K., "resultant temperature" (or dry resultant

temperature) is accepted as an index for thermal comfort evaluation.

This temperature may be measured by a globe thermometer at the centre
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Figure 1.1: One example of a court-yard, earth sheltered dwelling employing
wind tower and underground room (sardab). (Tavassoli 1975)
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of a room. (CIBSE Guide part Al 1986) It is also shown to be a
suitable index for comfort in hot arid climates.(Nicol 1875) This
temperature correlates the effect of mean radiant temperature,

ambient air temperature and air velocity and is given by:

T +T  (10v) °°
T = ._E__a"_...._.._.__ OC (1.1)
€ 1+(1ov)?°° ’
where

= dry resultant temperature °C

C

‘mean radiant temperature °C

T
C
Tai= alr temperature °

-
Il

} ol

<

= air velocity m/s

The effect of humidity on comfort can be lgnored 1if the
resultant temperature is not much greater than the preferred values

and if the relative humidity lies between 40% to 70%. As a change of
¥1.5 K on the preferred comfort temperature will not significantly
affect comfort under normal conditions. With the air velocity about
0.1 m/s, the above equation could be simplified to

T = (T +T )/2 C (1.2)
C al r

The preferred indoor temperature is also related to the outdoor
air temperature. When the building is not air conditioned - a “free
running buildlné"- this relation is linear, such that one degree
increase in outdoor air temperature would be compensated by half a
degree increase in comfort tehpérature. |
| Nicol (1975) has studied observations related to comfort in two
hot arid citles dﬁrfng June and July: in Roorkee in India and Baghdad
in Iraq. His 1nvestigaiioh has shown that none of the several thermal
comfort indices which were i:ested, correlated significantly better
than the globe temperatﬁre. He also found that the people in these

climates were comfortable in much warmer conditions than people in

temperate climates.
By comparing the results with observations of comfort among
English workers at similar conditions, he has shown that whlle
| Efnglishﬁ“subjectsrare comfortable at a gloBe temperature of 20 to 25
°C, ih a hot arid climate little thermal discomfort was shown at

:temperaturg up to 32 °C provided the air velocity exceeded 0.25 m/s.



It was also found that the discomfort vote did not exceed 204 until
the globe temperature rose above 36 °C.

Nicol has also shown that while the effect of relative humldity
was insignificant, the air velocity had a constant and statistically
significant effect on thermal comfort. Air movement reduced
discomfort from heat at temperatures above 31 °c, and below this

temperature there was little discomforts. At temperatures above 40 °C
discomfort was experienced at any air velocity. More detailed
discussion about the effect of air movement on thermal comfort 1is

given in chapter four.

1.6 Thermal simulation techniques

The importance of a bullding as a modifier of outdoor conditlions
has necessitated the development of dynamic thermal simulation
techniques. These models are required as a tool to predict the
thermal response of bulldings and to evaluate the relative

significance of variables at the design stage. Such models should be
a compromise of accuracy, reliability, flexibility and ease of use.

A dynamic thermal model depends on how the physical laws of heat
transfer are used-and how a room is presented as a thermal network.
The accuracy , flexibility and simplicity of a thermal model Iis
affected by its treatment of -

- unsteady heat transfer by conduction

- energy input to the room

- radiation between surfaces

- convection between surfaces and air

- ventilation

= presentation of the elements of the thermal system
1.6.1 Existing thermal techniques -

- Mathematical techniques currently used to estimate the indoor
“temperature” and the cooling or heating load of a building can be
devided into three groups: (Gupta et al. 1976)

a: the harmonic 'method -
b: the response -factor method .-

c: numerical methods
The fundamental assumption -made by .the harmonic method is that
the .climatological . information can be approximated by a series of

periodic .cycles, which is usually the case for design studies. This



is also the basic assumption of the Admittance Method used iIn the
U.K. and given by the CIBSE Guide and practiced since 1870.

The response factor method is devised to handle both perlodic,
non-periodic and intermittent inputs, where the harmonic method is no
longer applicable. This could also be used when energy demands are
‘required to be calculated over a fairly long time. The method Iis
recommended by the American Society of Heating, Refrigerating and Ailr
Conditioning Engineers (ASHRAE) for heat transfer calculations in
buildings.

Numerical methods are used when the solution to the unsteady
heat conduction equation under varied boundary conditions of interest

is not possible by the analytical approach.

1.7 The objects and scope of this work

The object of this study is the evaluation and improvement of
design procedures for hot arid climates with special reference to
natural nocturnal ventilation.

Emphasis is given to different established techniques currently
in practice in order to predict the thermal response of bulldings.
Several unsteady mathematical models are developed varying:

-the number of nodes in the thermal circuit
-the treatment of unsteady heat transfer
-the treatment of convective and radiative heat transfer

in a room

-the treatment of ventilation

To evaluate the mofc/iels and the relative significance of each
parameter, the results of mathematical analysis had to be compared
with measurements. A special test room was built and was subjected to
variations of “outside air temperature" similar to those of hot
climates. It was ventilated during the night. The precision of the

results obtained from models is evaluated in comparison with the data

obtalned from observations.

In chapter two different mechanisms of heat transfer between
building elements are described. Chapter three is concerned with a
review of different techniques of thermal modelling in buildings in

the literature. In chapter four natural ventilation flow calculations
in a room with different opening configuration were performed using a
mathematical model developed to simulate typical rooms. The

experimental procedure and the results are described in chapter five
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and the effects of timing and the rate of ventilation are discussed.
In chapter six the detalled procedures of the mathematical models
developed in this study are given. Chapter seven deals in detall with
the comparison between calculations and observations, describing the
effect of each parameter and indicating the precision of each

technique.In chapter eight concluding remarks are made and

suggestions for further work are given.
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CHAPTER TWO

HEAT TRANSFER MECHANISMS IN BUILDINGS

2.1 General

One of the main purposes of buildings is to provide a healthy
environment for living. The degree and level of its control becomes
more important when artificial air conditioning is not possible.

The desired environment is usually different from that outside.
This difference in the two environments consists of a substantial
"temperature" difference between indoors and outdoors. The thermal
response of a building is a function of a number of parameters which
in physical terms may be grouped into three broad classes
climatic, occupancy ,and enclosure factors. (GUPTA 1970)

-Climatic factors include the air temperature, relative humidity
of the air, direct and diffusé solar radiation, wind speed and
direction. |

-Occupancy factors include the number of occupants, and how they

live and the conditions they want including ventilation and humidity,
and the heat emitted by their activities.

-Enclosure factors include the geographical location and type
of neighbourhood ﬁ(ur‘ban or rural) ,geometrical factors such as:
dimensions, orientation, lay out, insulation and its distribution,
the size and position of windows, solar control and shading devices
and the physical properties of the building materials.

On account of the variations of climatic factors the thermal
response of a building is unsteady, so that a bullding behaves as a
complicated thermal systém which is subjected to unsteady thermal
exciltation. The 1internal environment will be provided by the
interaction of these parameters through different heat transfer
processes. The mechanism of heating or cooling imply basically the
transfer of heat by virtue of existing temperature difference among
two or more objects and can take place in three different ways: by
conductlon, - convection .and radiation. These heat transfer modes are

interdependent and the calculation of any one of them requires the
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simultaneous consideration of the other heat transfer modes. A brief
review of these mechanisms and the way they are usually applied in

building application and also as used in the present study follows.

2.2 Convective heat transfer :

The rate of heat transfer in W/mzbetween a surface and a fluid,

air, may be calculated from:

Q/A=h (T -T) W/m° (2.1)
C a 8
where
Ta = air temperature °c
TS = surface temperature °C
h = convective heat transfer coefficient W/m%K

Here the convective heat transfer coefficient hc is some
surface-averaged value. The value of hc depends upon the geometry of

the system, the velocity and mode of the fluid flow (laminar or

turbulent), and upon the temperature difference between the alr and
the surface (Ta-Ts).
Heat transfer by convection, 1ﬁs either "natural” or "forced".

Natural convection is caused by the buoyancy forces arising from

density varlations of the air as the result of changes 1n
temperature, and forced convection will occur if the fluid motion is

caused by "external” forces independent of the temperature difference
in the fluid .

4

Many empirical formulations may be found in the literature which
give the convective coefficient and could be used in bulldings. e.g.
ASHRAE 1985 , WONG 1977, O’CALLAGHAN 1980. These are usually a
function of surface and alir temperature difference, characteristics
and dlmensions of the surface and direction of flow under given
con&itions, and whether the flow is laminar or turbulent .

The convective heat transfer coefficient for surfaces of
naturally ventilated builaings in case Ef buoyancy-driven convection
(natural convection) which could be applied to the full range of

laminar, transitional, and turbulent air flow is given by
ALAMDARI & HAMMOND (1883). Fbrjvertical surfaces
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(T e

for horizontal surfaces with heat flow upwards:

| 0.25406 0.334641/6
h = {[1.4[-5:1] ] +[1.83[dT] ] } (2.3)

and for horizontal surfaces with heat flow downwards:

h = o.s[‘f-g-]m2 (2.4)
where: |
dt 1s the temperature difference between alr and surface
1 is th hydraulic diameter 4A/P
A 1s the area m°
P is the perimeter m
’ | ~ 4 12
- This formula is valid over the range of 10 <Gr.Pr< 10 which

covers the conditions in buildings. For forced convection the

coefficlent can be found from : (McADAMS 1954).

n
h = 5.7[a+b[V/0.31] ] (2.5)

c

where

V is thespeed of air m/s

a,b,n are empirical constants.

When the alr velocity is less than 4.8 m/s ,for smooth surfaces

a,b,and n are 0.89,0.22 and 1, and 1.09 0.23 and 1 for rough surfaces
respectively.

Natural convection is believed to be the main mechanism of heat
- transfer by convection in a naturally ventilated room, but in cases

wheg natural and forced convection taking place at the ‘same time,
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McADAMS (1954) recommends that both values be calculated and the

larger used.

According to the above formulation hc might change over a wide
range , lFor example h is equal to 0.8 W/m°K for natural convection
and a temperature difEZrence of 0.1 K between air and the surface or

it could be as high as 10.5 W/n°K for forced convection and an air
speed of 1 n/s.

t

It is not always possibie to use a time dependent coefficient,
and a mean value might be required. The CIBSE Guide suggests values

of 4.5, 3.0, 1.5 W/mZK for floors, ceiling and walls
respectively (CIBSE 1986)

2.3 Radiati?e heat trans}er -

The heat exchange by radlation between two surfaces in “visual®

communication can be calculated from:

N 4 4
QR = E12°'A1 [TZ-TI] W (2.6)

where

T is the surface temperature °K

A is the area of the surface m°
-8
o I1s the Stefan Boltzman constant ( = 5.67x10 W/m2K4)
E12 Is the configuration factor with a value up to 1.0 depending
upon the emissivity of the surfaces and relative view factor, Fi2,
between them. If one side has an emissivity €, and other €, ,

be shown that for radiant heat exchange between two "non black"

surfaces at different temperature

it can

-TC—+F-—+ﬁ—)._A - (2.7)

rectangular building components. Appendix A. gives the view factor
for the speciaf case between the room surfaces and room windows for

both cases of adJaceht and parallei positions.

The use of a constant value for radiation conductance is studied

by Buchberg (1971_).He has developed a finite difference model to
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compare the response of different types of buildings and different
regimes of energy input, with a fixed and variable radiation
conductance. To linearize the radiation in a thermal network of a

room, the radiation resistance is given by:

R = ___.___].'.__.........__. (2.8)

12 AE o(T3+T%)(T +T )
12 2 1 - |

The value of Ri12 is computed at each time step using the new
values of surface temperatures, Tl, T2. The comparison 1is made
between the time dependent and fixed radiation conductance. The

maximum deviation .in mean air and surface temperature is less than
10%.

In building application T, and T, in equation 2.7 usually differ
by about 10 K and each is order of 300 K . The heat flux ls nearly
proportional to the difference of temperature and equation 2.6 could

be approximated by:.

-3
QR-—- E12A140'T (Tz-Tl) (2.9)
where

T 1s the mean surface temperature (T1+ Tz)/z. °C

By definilng the radiant heat transfer coefficient as :

— .10
h = 40T Eqp W/m® K (2.10)

From equation 2.10 a mean value of h =5.7><E212 W/m °C is usually
‘ r

used for building application. The final equation for heat transfer
by radiatlion is given by:

Q, = Ah (T_-T) (2.11)

2.4.1 Conductive heat.‘ transfer

The general equation representing the unsteady-state,one

dimensional heat flow within a solid by conduction is found. from
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(2.12)

where

o 1s the thermal diffusivity n/s
t Is the time S

X is the distance m

Different methods exist to deal the underlying heat transfer
problem, some reviewed by Muncey (1979). These different technliques
give their names to the approaches to the thermal simulations of
buildings. They are based upon the assumptions and the conditions
impoéed on the environmental system and the characteristics of the

bullding materials. These are the Harmonic Method, the Response
Factor method and the Finite Differences Method.

2.4.1 Harmonic Method

In the case of building design it is a reasonable assumption to
consider that the climatic conditions are cyclic over a given time.
If this condition be imposed on equation 2.12, the variation of

temperature is sinusoidal and the solution of this equation is given
by MUNCEY (1979) and PIPES (1957) as:

(2.13)

where for a sinusoidal input

Tn is the temperature of surface n °C
Qn {s the heat flux at surface n W/m°
A = cosh (1+1) ¢

B =R sinh(1+1) ¢ / (1+1) ¢

D= (1+1) ¢ sinh(1+i) ¢ / R

6= (w15 2 a )OS
o« is the thermal diffusivity m/s
2

R iIs the thermal resistance of the slab mnK/W

1 Is the slab thickness m

w is the angular frequency s
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= 2xnt frequency of heat input S

and in case of a high diffusivity, and with a total thermal

resistance the matrix becomes:

(2.14)

The exchange between two environmental points, inside and

outside: through a multi layer slab may be written as

T 1 R E F 1 R Ti
o — 850 % % sl % (2- 15)
Q 0 1 G H 0 1 Q
o i
where
E F A1 B1 A2 B2 An Bn
= X Xe oo oX (2.16)
G H Dt A1l Dz A2 Dn An

where Ai, Bi and Di are the coefficients calculated from equation

2.12 for each layer.

Some simplifications are médé in building application which are
the basis of the Admittance Method which is the standard procedure of
heat and energy analysis in buildings in the U.K. suggested by CIBSE.
From the above solution three factoré may be obtained each dependant
on the thermal properties of the material as well as the frequency of
the sinusoidal excitation. These factors are: (MILBANK 1974)

The Admittance which is the amount of energy (Qi) entering the

surface for each degree of temperature difference at the

environmental point

(2.17)

<
i
:-]! Iel

which might be used to calculate the equivalent swing in temperature
above some mean value due to cyclic load on an enclosure.

The Decrement factor f is the ratio of the cyclic transmittance
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to the steady state U value.

0-!,
Il
O
Q

(2.18)

c*"?
C

The Surface factor F is the equivalent cyclic energy at the
environmental point due to a cyclic energy input at the surface. It
is the proportion of the heat gain at.the surface which is readmitted

to the environmental point when the temperatures are held constant.

(2.19)

9
I
Ecnlgy

These factors are expressed as complex numbers so that each has
a time lag assoclated with it. The detailed procedure for computation

of each factor is given by Milbank (1974).

As mentioned above, this method of solution of the underlying
heat transfer problem is applied when the energy input is considered
to be periodic cycles over a period of time, so that the external
climatic data should be analyzed into a steady term accompanied by 2a
series of sine terms with decreasing amplitude and increasing
frequency.h Each harmonic will be treated with the thermal factors
appropriate to its frequency. The final result will be obtained by

summing the results from each harmonic. Figure 2.2 shows an analysis
of actual solair temperature for different harmonics.

The division of a real climatic time series Into components of
sinusoidal variations about some mean value can be readily achieved
by Fourler series representaiidn, through which a given function can
be approximated to a series of sine and cosine functions, or sine or
cosine only, such that for some continuous function f(x), for example

a 24 hour values of temperature may be represented as:(CHATFIELD
1975)

T =a+)a cc:»s[2 n t]+ b s:in[2 T t'] (2.20)

where
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a: Effect of Decrement Factor and time lag

b: Effect of Surface Factor and time lag

Figure 2.1: Definition of Surface Factor and Decrement Factor.
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24
|
aO - T‘I Tn
n=1
24
_ 2 2 T Jn
aj = 57 Tn cos[ 51 ]
n=1
24
_ 2 2t JjJn
bj = -2—4' Tn Sin[ 54 ]
n=1

J= number of frequency
Tn = temperature at time n

In recent years Milbank and Harrington-Lynn at the Bullding
Research Station have developed the mean and swing technique
introduced by Danter (1960) which is commonly referred to as the
Admittance Method and is given in CIBSE Guide (1985) This method
employs the factors for the first harmonic (24 hours frequency) which
i1s applied to the actual climatic data, and is believed to be
sufficlently accurate for application to bulldings, with the
advantage of not requiring the use of computers. Sodha et al.(1986)
have compared the idea of the Admittance Method with the Fourler
method for hourly calculation of heat flow through a wall.They
concluded that the Admittance Method could be employed for hourly
calculation without losing much accuracy with a maximum deviation of
10% in air temperature(in °C). In thls research programme a computer
model based on the Admittance Method is developed and the results are

compared with those of the other calculation methods. This will be
discussed in more detail below. (Chapter three)

2.4.2 The Response Factor Method

When the energy requirement over a fairly long time is to be
assessed, or the climatic conditions are bellieved to be non-periodic,
the harmonic method is no longer applicable. The response factor
method was developed to handle both periodic and non periodic
situations, and perhaps this is the main reason why it is more
appllied ‘in the fileld of energy calculation of buildings and 1is
suggested by ASHRAE. The method is developed based on some previous
work by Stephenson and Mitalas (1967 a,b)

The maln feature of the method is based upon the use of of the

“"time series" and "response function".:
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Time series are defined as an array of number of quantitles
representing the value of a function at successive equal interval of
time. For example a series of numbers representing the air
temperature or solar intensity at every hour is a time serles of
outside temperature with the time interval of one hour. Each term 1in
a time serles can be considered as the magnitude of a triangular
pulse centered at the time in question with a base twice the interval
between successive terms , and the sum of such triangles is the
continuous function, as indicated in figure 2.3. The accuracy of such
representation is dependent on the size of the time intervals.

The linear invariable system is a system in which the magnitude
of its response is linearly related to the excitation , and with the
equal excitation equal responses result. The response of such a

system to a unit time series excitation such as a series of

triangular pules is called the response function and the time serles
representation of the function is called the response factor. For
example the cooling load resulting from a unit time series i.e.a unit
single pulse of solar radiation received at a surface such as floor

1s shown in figure 2.4. rj is the response factor of the cooling load

resulting from this radiation input, I, is in time series form.

Q = RxI (2.21)

where

Q is the cooling load W

R Is the response function m°

I is the solar intensity  W/m>

and the general form of the‘cooling-load time series is:

q = r i | (2.22)

This 1idea is used in the development of response factor method

for calculating transient heat flow.

If two surfaces of a wall are assigned A and B the heat flux Q

can be expressed in terms of surface temperature and response factors
by:  (see figure 2.5)

Q= T,.X-T .Y - (2.23)
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Term of the ume senes

N
i 1010 A

At 1
um

Figure 2.3: Time series representation of a function.

Unit pulse of a

Solar radiation Cooling load unit response function

response factors

Figure 2.4: A unit excitation and unit response function.

Unit temperature pulse at a surface

Heat Flux out of surface A dueto
a unit temperature pulse at surface B

Heat flux out of surface A due to
A unit temperature pulse at surface A

1A

) 1A 2A 3A 4A 5A
f

!

Figure 2.5: Heat flux at surface A due to Unit {emperature pulse at surface A and B.
(Stephenson and Mitalas 1967)
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where

QL and Qéare the time series of heat flow into surface A

and out of surface B

TAand TBare the time series for temperature at surface A
and B

X and Y are the time series for the heat flux at surface A
and B respectively, due to a unit time-series of
temperature at surface A (Ta=1,0,0,.., TB=0,0,.)

Y and 2 are the time series for the flux at surface A and B
respectively, due to a unit time-series of temperature at

surface B (T=1,0,0,..,Ta=0,0,..)

The conduction heat flux at wall surfaces in the form of a time
series , at some time, t 1is the product of the surface temperature

time series and the appropriate response factors:

Q =-)T X + )T Y (2.24)

where the subscript J indicates the other surface of the wall. The
number of terms involved for the calculation:of heat flux through the
slabs is a function of the slab’s structure. Heavy structures require
larger values for response factors and past history surface
temperature. The' number of ”fefms seldom exceeds 20 for most

conventional building structures as the response factors tend to
zero. (KUSUDA 1976).

The procedure for calculating the response factors for

homogeneous slabs and multilayer structures are given in Appendix B

2.4.3 The Finite Difference Method

Boundary conditions of thermal systems are not always simple.
There are cases when transient heat conduction within multilayer

slabs are non linear, or thermal properties are considered to be

temperature dependant and consequently time dependant.

The finite difference method employs the numerical approximation

of the first and second order derivative of the heat conductance

equation. If (T T ) is the temperature gradient at one

x,t+dt- X,t
interface x, at the time interval t, between time t and t+dt, as a
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consequence of the temperature variation at the interfaces x+dx , X
, X-dx, the second derivative of the partial differential equation

of heat conductance , equation 2.11 could be replaced by:

2
L et ane (2.25)
6x2 dx2

and similarly the time derivative approximated by:

oT -
o Xotedt x,t (2.26)
at dt

Thus the overall equation could be written as:

Tx+dx,t-2Tx,t+Tx-dx,t. - _1_ Tx,t+dt-TX.t (2.27)
dx° o dt

The above solution is the explicit method of solution. The
coefficient

A dt

(2.29)
pPCp dx®

is the Fourler number.To avoid negative coefficlients in the above
equation, in order to get a stable numerical solution._the values for
dt -and dx should be chosen to result in the coefficients to be

greater than zero, so that
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1 - =— — =0 (2.30)
2
pcCp dx
and
cA_dt 1/2 (2.31)
2
pcCp dx

Using the explicit numerical technique to solve one dimensional
heat conduction problems through any slab ,and writing the heat
balance equation for any node (i.e. at different surfaces and
interface points and air point) at time t+dt, a set of independent
equation will béiobtained equal to the number of unknown temperatures
which, by introdhcing initial values for dx, and dt ,permits the
equations to be solved for consecutive time intervals.

If equation 2.25 be rewritten for time interval t+dt (instead of
t), we obtain

T - T

| F 1
=2, T + * — Xotedt xt - (2.32
x-l-dx: t+dt xX,t+dt Tx—dx, t+dt B 4 4 dt ( )

Rearrangement of the above equation for Tx,t+dt glves

S e Adt o A dt

+ T (2.33)
2 X+dx,t+dt

2 x-dx,t+dt

[1+ 2A dt T

pdexz] X,t+dt X,t

pcpdx pcpdx

This method is the implicit solution and it is unconditionally

stable for all distances Jand“ time Increments, although the accuracy
depends on their values.

Writing a heat balance equation for each node in a thermal

system , will result in a set of equations each simultaneously
dependent on the temperature of other nodes at the same time, These
could be solved simultaneously to give the temperatures at

each interface and time interval which is essentially a computer
task. A welighted average of equations 2.33 and 2.26 may be used to
establish a generalized formula, which 1is discussed in detail for
example by MUNCEY (1979), and CLARKE (1985)
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CHAPTER THREE

LITERATURE REVIEW OF THERMAL MODELING TECHNIQUES

3.1 Introduction

Buildings are subjected to different forms of energy transfer.
Heat 1s conducted to the inside of external walls elther by the
temperature difference between the internal and the external
environment or by the ébsorbed insolation. Heat will be exchanged
between room surfaces by long wave radiation and between the room air
and surfaces by convection. Solar radiation may also enter the room
by striking the glass, where some is reflected and absorbed and most
entering the room as short wave radiation, which may ralse the
internal surface temperatures. Ventilation replaces inside air with

outside alr which eventually exchanges energy with internal
surfaces by convection.

Full evaluation of this complicated system of heat exchange
among building elements requires a set of complicated heat transfer
equations. If each surface of a room be assigned a mean temperature,
27 flow paths of heat exchange by different mechanisms result.

Conslderation of the wunsteady behaviour will add to this
complication.

3.2 Thermal models in buildings

Various methods exist- for the evaluation of bullding response
Lo energy lnput. They vary from simple to complicated . The proper
model is the multi- exchange model, in which any element in a space,
ls shown as a single node, and heat exchanges among nodes are
expressed by separate equations. This level of complication is not
always appropriate. With some approximations a model - could be
greatly simplified. This could-be achieved by introducing an index
point in a room at which radiation exchange could take place, (DAVIES
1983); or the index point could be used for both radiation and
convection exchange, like in the environmental temperature -model.

Some models divide dlffgrent element of a thermal network and lump
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them into smaller nodes. (MATHEWS 1986, CRABB et al. 1987)

A short review of some of the existing models relevant to this
study follows. Presenting a thorough review of all of them is beyond
the scope of this study. Some are reviewed by Hanna(1974). Special
attention is paid to the development of the environmental temperature

model used in the ‘Admittance Procedure of the CIBSE Guide.

3.3 The traditional method
Alr temperature is the ‘basis of the traditional heat loss

calculations. Three quantities are taken into account, Heat loss

between air and surfaces:

Q = Ah (T -T ) | ,, ~ (3.1)
¢ al

CV W

the radiative heat exhange

r ao

'Q = AEh (T -T ) ’ (3.2)
d r al

which meé.ns the remalnderof room surfaces are at the same temperature

as the air ; Thé ventilation loss :

Q = CppVol(Tal—T ) (3.3)

cv ao

and the fabric ioéé:

Q = AU(T -T ) (3.4)
£ al ao
where - o -
U= (Rsl + 'R1 + ‘R2 + ce..t Rso)‘-
R§1= Inside surface resistance
R = Outside surface resistance:

80
= Thermal resistance of the slabs

-~

)

According to the above procedure ,the energy input to the room
with all be at the alr point. This could only be true if the energy
source 1lis convective and not radiative, as solar radiation.
Furthermore it 1s an oversimplification to consider the surface
temperatures the same as air temperature. Evaluation of comfort also
requires consideration of both radiant and air temperatures. The
traditional method does not consider the radiant temperature. Inside

alr temperature is a poor index for the heat loss calculation. Loudon
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(1970) has shown errors of up to 40% percent, if heat losses are

calculated in terms of air temperature only.

3.4 Environmental temperature model

The deficlency of the traditional method might be avolded by
using a model with a central index temperature. This central index

temperature is a weighted value between air and mean radiant
temperature, known as the environmental temperature, leading to a
model developed by Danter and other workers at the U.K. Bullding
Research Station. Danter (1974) has shown that with such an
assumption the errors will decrease to about 5%4. The model 1s the
basis of the Admittance Method, which is the accepted standard
procedure for temperature prediction, heating, cooling requirement
and energy calculation in the'U.K. It was first published in the IHVEL
(now CIBSE) Guide (1970). The method is based on two assumptions: the
representation of heat exchange in a room via a central 1index
temperature, the environmental temperafure; and the solution .to the
problem of funsi:eady heat condubténce/capacltance of the building
structure, by using the harmonic method with the dynamic thermal
factors from the fibst'harmonic only. (see chapter two) As suggested
by the Guide(CIBSE Chapter 5) it is most suitable for calculations
where the temperature éwings and/or the energy during the day are
changing steadily . It is less sultable for step inputs, especially

If transient temperature calculations are needed at the time of
change. (CIBSE AS 1986 )

3.4.1 The basis of the model
The general application of the method was first published by

Loudon (1968) and was used to investigate overheating problems in

bulldings during the summer. (LOUDON 1970) |
The fundamental theory of the model was given by Danter.(1974)

If a room is considered with all internal walls at the same

’

temperature, T“, the rate of heat flow between the inside surface of
the external wall and its enclosing space is

QB= ABEhr(T”-Tsl*)-tAshc(TM-T ) (3.5)

s

Using relation 3.5 the surface heat transfer Qs is:
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| * (T“-Ts'l)E(A) | (3.6)
Qs = As [Ehr[ EtAj"AB ]+(Tnl-Tsl)];] '
or
QS/AB= h:‘(Tri-Tsl)+hc(Tal—Tsl) (3'7)
where -

Trl-Tsl - (Trl Tsl)E:ZAi-AS K
' = LA) 2 (3.9)
h, =E hrz%m o W/mk

. | et 2
Eh = Coefficient for heat transfer by radiation W/mK

r

TM = Mean surface temperatui*e of room C
As = Area of the external wall m°
Y(A) = Total area of the room m

3 ;
The factor hr depends on the ratio A(fi . which depends on
5

S
the shape of the room. For a room of approximate ratio 1 : 4 : 4 the

values of the ratio are 1.09 and 1.50. For a cubical room (1 : 1 : 1)

the ratio is 1.2 . This is a reasonable approximation for many room

configurations, and will be discussed below.

To obtain a conventional form of equation 3.5 with regard to an

index temperature

Q/A = (h +h )(T -T ) (3.10)
s r C X S
where
hT +h T
T = 5t r1 ¢ al (3.11)
X h +h
C r

The value of hc= differs in a range depending on the type of
surface and heat flux. With typlical values for E=0.9 and hr=5.7 a

mean value hc'=3.0‘ and the shape configuration ratio as hr=6/5, will
result |

6/5(0.9x5.7)T_+3 T
T = —3v6/5(0 6557 (3.12)

or nearly =2/73 T +1/3 T
ri al

This is a weighted mean temperature between air and mean radiant

temperature in. é room, biased towards the latter, as the heat
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transfer coefficient for radiation 1is almost twice that for
convection under conditions normal in a room. It is also a central
point for energy input. The ventilation conductance , which 1s
actually an input to the alr or the solar radiation which lis a
radiant input to the surfaces, now could be input to the
environmental point after appropriate scaling. The heat interchange
in a room via the central point as discussed by Loudon is given in
figure 3.1.(LOUDON 1970)

3.4.2 Conductances between the elements of the model
The detailed basis and background of the model is discussed by
Davies (1978) in a later paper. Different conductances based on the

T are derived and discussed.(figure 3.2) The fabric heat loss lIs

el

given by
1 1] (3.13)
= - - - 3.
Qf [{A(h; B/SEhr) + (A'U1) ] (Tﬂ1 TM)
where
1 dz 1
U= It '+R_]
1 2 0
2
ho is the outer surface transmittance W/m K

and the heat loss by ventilation through the environmental point 1s
given by: -

.Q=C (T -T ) f (3.14)
v el

Y a0
where

et

C 1is the ventilation conductance

v
" h
= [{BA(h +6/5Eh )o—=S— } Y4(cp.p. v ) 17
¢ " '6/5Eh . P

and the conductance between the environmental point  and the air lis
given by:

h

C =6A(h +6/5Eh )—S (3.15)
a ¢ r BISEhr

The above conductances are considered to be in a cubic room. As

there may be considerable variations in the values of h_ and Ehr,

accuracy is not sacrificed by ignoring the 6/5 coefficlient in the eq.
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=
7

f Tx

External wall

a:Actual interchanges in aroom b: Equivalent interchanges with a central
index temperature

C: Thermal network of a d: equivalent thermal network index mode with
room with central point . resistances and capacitances in a central index
model.

Figure 3.1: Heat interchanges within a room. (Loudon 1970) |
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3.12 to 3.15 . The numerical values of the above conductances are

given by:

R = (hc+Ehr)'l (3.16)
= 1 1 -1 3. 17

¢ = Tmymy o) (3.17)

h
C, = L(A)(h_+Eh ) E; (3.18)
r

= T(A).4.8

It is also shown that the energy input to the room, either to
the alr or at surfaces, should be scaled before being input at the
environmental point. One of the applications of the scaling procedure
ls for solar gain in the room. From the solar radiation which falls
on the glazing, some is transmitted th;ough the glass and absorbed by
the internal surfaces (a) and a little is absorbed by the glass (t)
and some is reflected by the glass (B8). If the scaling procedure is

applied to put this energy gain to the environmental point, the total
solar gain at Tef is given by:

hc+6/5Ehr *
D = N N 3.19
Q.= 5 5n(675ER Y * QnetT QL. ( )
1 ¢ r
hc+6/5Ehr h +8/5Ehr
0 = O c 0 3.20
Qe U +h (6/5Eh ) annc+ Y +h (6/5Eh ) Tanc ( )
1 c r s C r
or
2 eF o1
M, =sq, f | (3.21)
me = Sannc " (3.22)
where -
anc 1s the incident solar energy W/m°
Y; ls the total admittance of the structures (%%Z) nF/W
U Is the transmittance of the glass m° K/W

Equations 3.21 and 3.22 glve the definitions of mean and

alternating solar gain factors S and S . The solar gain factors
a
depend upon the absorbance and transmittance of the glass, which

depend on the position of the sun. The mean solar gain factor s not

affected by the type of the room construction, but' the alternating

solar ‘galn factor depends on the room’s construction. (e.g. heavy or
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l1ightweight ). The mean numerical values given in the CIBSE Guide are
correct for the U.K. and should be corrected according to the

altitude and climate for use otherwise.
Cornell (1976) has demonstrated the wuse of environmental
temperature to analyze the variations of comfort in a space. The

temperature of the internal surface of the external wall 1s given by:
(figure 3.2)

_ _ Q 3.23
Tsl_ Tal AIB'/SEhr+hc5 (3.23)

The ébové equation could be used for both opaque and window
surfaces separately. Local comfort could be evaluated by using the
mean radiant temperature of internal walls , external walls and the
air temperature. To evaluate comfort at any point the effect of the

radiant temperature of each surface is considered according to the

view factor between the point and the surface.

%

3.4.3 Development and the application of the model

The environmental temperature described above, was considered to
be an index temperature in a cubic room, and the numerical values
given by the CRIBS Guide are also based on this assumption. The

factors of 6/5 and 6 in equation 3.12 to 3.23 have a general form of
hr and YA where

' (A) *
h )ZT%ﬁ; ,1 (3.24)

Baxter (1975) has compared the environmental temperature model
with h% for a cubic room as 6/5, and a weighted correction factor for
any type of building shape using a detailed mathematical model, which
considers convection and radiative heat transfer separately for each
surface of the room, in the steady state. He concluded that the index
temperature must be an area weighted temperature. Errors of up to 204
are reported for some kind of energy input and room shapes. This lis

also reported by Davies (1986) as one of the defects in the
standard environmental temperatufe“modelf

The environmental temperature also:depends on the convective

heat transfer coefficient, hb’ but the error from the variations of

hc, 1s shown normally to be very small. It is also difficult to deal
with this problem in the model, because of the lack of knowledge of
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he/6/SEhs
r e

- 6A(hc+6/5

Figure 3.2: Presentation of heat exchange in the environmental
temperature model with heat loss through five internal
walls and the conductance between elements.

(Davies 1978)

Cl= Radiative conductance Ts= Surface of internal walls

C2= Conductive conductance | Tt= Internal surface of external walls
C3= Convective conductance Tai= Inside air

C4= Convective conductance Tao= Qutside air

C5= Ventlation conductance C6= Storage

Figure 3.3: The 6 element model of a thermal enclosure including storage
(Davies 1974) '
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individual surface temperatures.

As the index temperature for assessment of human comfort is
approximately the avebﬁge of the air and of the mean radiant
temperatures, the environmental temperature has a slight bias.
Humphrey (1974) has shown the bias is proportional to the difference
between the air temperature and the mean radiant temperature and

could be removed by appropriate adjustments suggested in table form.

3.4.4 Admittance procedure

When the énvironmental temperature is used to calculate the
radiation and convection interchange in a space, the unsteady
response of the internal environmental temperature, to a steady
cyclic energy input, can be determined by the factors obtained from
the harmonic solution to conductive/storage of the structure.(Chapter
two 2.4.1) This will make the energy input into a constant term with
a number of pure sine wave harmonics, with, in general, decreasing
amplitude at 1increasing frequency. The overall result will be

obtained by the sum of the response to each harmonic. The Admittance

Method only uses the steady state term and the first harmonic for the

swing about the mean, but applied to the actual energy input. The
technique of mean and swing was developed by Danter (1960), to

calculate the heat flux across slabs. He has shown that the
approximation of mean and swing will in commonly used materials
result in negligible errors in heat flux calculation, compared with

the exact analysis with separate consideration of the harmonics.

3.4.5 Basic form of the Procedure

The use of 24 hours frequency values.of the 3 factors for a
practical manual solution in the calculation of the internal
environmental temperature in bulldings was demonstrated by
Milbank(1974). By comparison with the first six harmonics, he showed
that the use of higher frequencies will. not result in a greater
accuracy, and a difference of 10%4 is reported in room alr temperature
swing resulting from solar radiation falling onto the floor of a
room. In a similar comparison Sodha et al. (1986) have compared the
results from the ordinary Admittance Method and the Fourier method.

Good agreement 1s found even for the hourly total heat flux entering
a room caused by solar radiation and outside air temperature changes.

- The basic equations used in Admittance Method are (chapter8 of
CIBSE Guide 1987)
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Q= T T (T -1 (3.25)
Qt. Z(A.U) (T‘:’l Teo)*'(EAgUg-*CV) (Te1 TM)
3, = i . (3.26)
Q, (E(A‘Y)+Cv)Te1
1_ 1t . __1 (3.27)
Cv_ 0.33NVol & Z.8%(A) |
where | o ”
*(_ltis the mean total heat gain W
J =QC+QB
Q,is the swing in total heat gain W
=QC+Qs+Q£‘+Q a
%Qc= Casual heat gain W
Q = Solar heat gain W

Q.= Swing in effective heat input due to structural gain
Q = Swing in effective heat input due to outside air

3.4.6 Developmént of the Admittance Procedure

In this way the above solution is only applied with constant
ventilation during the day and without plant operation. (or constant
plant operation). In real situations, this Is seldom practiced.
Ventilation varies by opening windows or by intermittent use of
ventilation plant, like what is practiced in hot climates. The
extension of the model to intermittent plant operation and variable
ventilation was first described by Harrington-Lynn (1974 ag&b). The
*procedure uses the environmental point as the index temperature of
‘the space and assumes that heat input occures at this point. Waters
(1981) removed this restriction to allow the "dry resultant
gtemperature“ which is the avebége of air and mean surface temperature,
to be considered as the index temperature by appropriate adaptation.
His method also enables the radiative and convective component of
heat input to the air and environmental point to be treated

sepa:r'a.t.ely. ’It.”fin‘the’r' éuggeéts . *general relation to cé.lculate the
dry resultant temperétﬁre directly. |

Danter (1983) in further work, suggests*a general solution for
1ntpermittent,r pla.ni: opération and variable ventilatilon. The

instantaneous heat balance equation is used to calculate the hourly
air and environmental temperature, for #hour-hly values of ventllation
rate and plant oﬁeration. In the case of variable ventilation and in

a free running ' building the environmental temperature is given by

BBt iyl & =
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| 24
Q YL (Q /)
= —_— (3.28)
Tc,t Tao+ * 24
Yt YtE~(Ut/Yt)
where |
— ' - - w
ant- FY Qeg.t (FY FU)Qeg+Fanm,t+Fv,tcppvt
Q  1is the energy gain at air point from other sources W
am,
‘Qeg is the energy gain at environmental point W
) 3 *
V£ is the ventilation rate at time t m/s
2
= ' W/mK
Yt FYE (AY)+Fv,t Cpth m -
U, = FuE (AU)+Fv,t cppV, W/m°K
i F — hacE(A)
Yy h A)+) (AU
ac
L B EW
U h A)+) (AU
eC
h, (A

acC

Fv " h HAS'I'Cpth |

As shown above the energy input to the system could be divided

into convective and radiative parts as input to the air and surfaces

but here combined to the environmental point.

3.4.7 Multi-zone buildings

The method in its standard form considers a single room with no
heat transfer to or from other rooms, through internal walls. This lis
only suitable and correct when the room in question is' surrounded by
similar rooms or the effect of heat transfer through internal walls
be neglected. Dow (1985) has extended the model for the multi-zone

buildings. The temperature in -each room is first calculated with no
internal heat. A new temperature is calculated for one of the rooms,
with inter-zone heat transfer, using the:old temperature. The new

temperature is used to calculate the new temperature 1n other rooms.
The process is repeated for all the rooms in turn for a number of

iterations. The iteration process continues until the overall change

in temperature between successive iterations falls below a chosen
value and the “steadyistate" is reached.

The fundamental theory of the Admittance Procedure is such that
it 1s falrly successful at estimating mean and peak temperatures. If

the hourly values are required the harmonics of periods 12,6 hours
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etc. are needed but this is not featured in the model. (DAVIES 1985)
Nevertheless the approximation is believed to be acceptable 1in
building application. Any further application of the model needs to
be Jjustified. A method is suggested by Ulaah et al. (1877) to take
into account effectively -the influence of multiple harmonics 1in
equivalent ' decrement factors and time lags. Comparison 1s made
between the surface temperatures obtained from the proposed
technique, and both analytical method (12 harmonics) and the first
-harmonic. In the case of light structures no difference is found, but

for heavy structures results from different models do not agree with

each other.

'.1"

3.4.8 Validation of the model

The eﬁpirical validation and evaluation of the method 1s
restricted to its early stages of development. Milbank et al. have
published results comparing measured temperatures with the
predictions of an electrical analogue. They also showed that

predictions by the Admittance Method agreed with the results of the
electric analogue. On this basis they claim this proved the method’s
validity. (MILBANK et al. 1970 reported by WATERS 1977). Loudon

(1970) published the results of a comparison between measurement and
calculations performed by the Admittance Method in a free running

bullding during summer. The agreement was thought to be satisfactory.

Attempts have been made to modify the BRE admittance procedure,
so that it may be used in hot climates. A suggested modification by
Harris Bass (1981 a&b). includes the external temperature profile,
solar data, sky clarity, ground reflectance, external surface
resistance, long wave radiation and heat loss due to ventilation. By
comparison with observations, using specially designed test cells,

the prediction is claimed to be good and the method useful. No detail
is glven.

~ Some comparisons between Fthe analytical methods and Admittance

Method are also reported for a few isolated examples.(SODHA 1986,
MILBANK 1874). Although the environmental temperature model was first

introduced to investigate the thermal response of buildings for

simple cases, such as overheating problem in buildings during the

summer, the literature shows that 1t is capable of tackling different
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aspects of thermal investigation of bulldings.

'Davies 1In recent work has criticized the model and argued
agalnst ' its "logical shortcomings ".(DAVIES 1987) and that " the
procedure .. has not proved easy to understand. The model is based on
three erroneous ideas: it reduces the 21 conductances network .. Just
to a single conductance, and so failed to distinguish between
emissivity and geometrical aspects of radiant exchange, the argument
appeared to suggest- wrongly -that the temperature TGJ. so arrived at
was a meaningful enclosure parameter, it assumed wrongly that the
heat could be input at Tel".

The main point raised is the way the radiation is treated, and

as an example Davies argues that the mean surface temperature T as

used in

h = 407> | - & | (3.29)

r

is irrelevant. The_ radiétion between surfaces depends on the

température diff‘ereﬂce and not their mean. Oor if E=0 (éay for

{

polished aluminum ) T;; is independent of “all surface

temperature. (equation 3.11) This means that comfort does not depend

on surface temperatures. Nevertheless it is admitted "the model ls

p

crude, but simple to use and probably adequate for many

applicgtions...... and. 1n.+convect1ve heat exchanges presents no

problem

The concéptual ‘difficulties in the environmental temperature
mo&el has lead to the introduction of another model. This model also
uses a new point as the index point of heat transfer, but it is used
as a central polint only for radiative exchange. Whether in practice
its use leads to significantly better results, with regard to the
inherent 1inaccuraclies . of much of the data (eg. casual gains

infiltration, convective heat transfer treatment) is doubtful.
(BILLINGTON 1987)

3.5 Other models

Davies (1974) has suggested a model of an enclosure havring one
external wall and five internal walls at the same temperature,
surrounded by similar rooms, through which on average no heat flows.
All internal walls are assumed to be at a uniform temperature (T ).

The model when storage Is Included, has six elements and is called

a ."six element model”. Figure 3.3 shows such a thermal network and

the conductances between its elements. To solve the unsteady
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behaviour, the admittance of the walls 1is used. In fact the
environmental temperature model may be considered as a simplified
form of the six element model. Hanna (1977) has extended the six
elements model to eleven elements, by assuming different nodes for
the glazed and opaque parts of the external wall, (figure 3.4) The
unsteady behaviour of the model is solved by a finite differences
technique. By this comparison it is concluded that no significant

improvement Is achieved by increasing the number of the nodes from

six to eleven.

To overcome the shortcomin‘gs‘ of the environmental temperature
model as discussed by Davies, the radiative and convective exchange
in a room may be separated in a further corrections to the model.

(DAVIES 1987 a & b) First the network of the surface to surface
system of radiant exchange may be reduced to a surface-to-star point

T!l~ exchange by a least square fit.(DAVIES 1984) Then the radiant
output from any source is taken acting at Tr' In this way the

surface nodes are not llnkeqrtp one another directly. It is normally
assumed that convective gains can be treated at the space average air

point. In certain well defined conditions these two points, Tr and
Tal, may be replaced by a single star point, to a composite " air
index node". This model is similar to the environmental temperature
model. The complete network of the model and conductances between

the nodes are given in Figure 3.5. The heat balance equations at each

node in the model are
at Tal

Q= (Tal-Taa)v+E(Tal-Tsj)Ajhcj (3.30)

at Tr
Q = (T -T )W +X(T -T )AE h (3.31)
r r ao r 3 ! Jr

and at each surface node
¥

= (T = - * -
QJ ( s 3 Tal)Ajhcj+(Tai Tr)AJEJhr+(Tsj 'I'a‘ﬁ)ﬁ\jUJ (3.32)

leading the matrix:

SAh +V ' T
J ¢} , a
SAEh+W -AEh -A E h T
r 1 r 2 2r r
&
_A h - X
c1 A Eihr A hc 2+A1U1+A1E hr T1

Fi ,”i ) . - * Tt v »
-A -AEh . Ah +AU+AENh T
2 22 S 2¢2 11 227¢
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Ts

Cl C4

C6 | Cll

WO

Ii‘igufe 3.4: The 11 element model of a thermal enclosure

(with an outer wall partly glazed and partly opaque)
(Hanna 1979)

high resistance e high resistance

AiETh= Ajeibf(lei+be)
Bj = 1-fj-3,53(fi2-1/23)+5.04(fj-0.25f))
fi= AVZ(A)

W=Direct path by long wace radiation throguh open windows
Te = (T li+Tl')/2
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Q+T V

a ao
Q+T V

r ao .
QI+TaoA U1

Q2+TaoA2U2

(3.33)

where
2
AEh=Aeh (1 - + n.
jEyp= Agh (1 =€+ ge)
# *
i/U0 =1/U0 - 1/(Eh + h)
b i j r c

cj is the emmissivity of surface J

The elements of the square matrix consist of conductances, which
are assumed to be known. The model although physically unattractive,
provides separate treatment for convection and radiation and |is
believed to be a better design procedure. The model has lost the
great advantage of the Admittance Method, which was originally
designed for use without a computer.

-One of the early studies of unsteady heat conductlon 1in
buildings was performed by Muncey (1953), known as the matrix method,
based on a harmonic solution to the unsteady heat trapsfer through

the slabs. The results from calculations = are cdmpared with

measurements in an unconditioned small scale test cell, subjected
only to varying outside air temperature. Radiation exchange between
surfaces 1s 1ignored. Gupta (1964) overcame this shortcoming by
including the internal heat exchange between room surfaces into the
thermal circuit. Gupta's calculation 1s performed for a single
unconditioned and unventilated room with all surfaces exposed. The
results are compared with observations obtained from a especially
made test room, and significant improvement is reported.

A simplified method is developed by Mathews (1986) in which an

electrical analogy is used to represent a room’s thermal network. The

main feature of the method is that empirical constants in some
equations account for the typical rate of natural ventilation in
conventional bulldings. A single temperature is used instead of the

sol-air and the outside air temperature. The final unsteady
temperature 1s found for the first harmonic approximation of the
indoor air temperature. The method is not suitable for a wide range

of applications. On the one hand, empirical constants are used in
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its development, and, on the other, the air temperature is the only

temperature to be calculated.

3.9.1 Multi-exchange models

The most appropriate way to present a space in a mathematical

model is to consider separate, independent nodes for each component
of the enclosure ( air node and surfaces). The final mathematlcal

model would be made by the establishment of relations between these
nodes. The solution to the system of equations obtained from the heat
balance at each node enables the prediction of each node temperature.
Stephenson et al. (1968 a & b) have developed a thermal network for a
room. Each surface of the room is given a node. In their model even
the furniture in the room is presented by separate nodes. The alilr
temperature 1is kept constant and known. The radiation exchange
between surfaces is treated correctly but the convection coefficlient
is kept constant for the whole day. The response factor method is
used to solve the unsteady heat conduction through the walls. The
heat balance equations are written for every hour of the day Iin
matrix form. The final result is obtained by matrix algebra. The maln

advantage of the response factor method over finite difference

technique is claimed to be that it uses less computer time. The only
lengthy calculation is to find the response factors for a room.
Buchberg and Naruishi (1967) and Buchberg (1969, and 1971)
developed a perfect multi- exchange model to represent a single test
enclosure exposed on all * surfaces, with windows on two parallel
walls. To study the effect of various external walls, different
mathematlcal models are used to represent the wall. Figure 3.6 shows
one of the models. The unsteady state heat conduction was achieved by
application of the explicit forward finite difference method in space
and time. The model {s also used to study the sensitivities to
outdoor wind speed and solar and longwave radiation inputs to the
room, and opaque or transparent walls, for different types of
bullding construction (1969). It is also developed to study the
influence of radiation coupling between inside surfaces, and to

investigate the use of constant inside surface coefficients for

combined convection and radiation. (1971)

To study the effect of walls on indoor temperature, Hassan and
Hanna (1972) developed a multi exchange model. The model is assumed
to be lsolated from all effects, except those of the variable

outside air temperature and solar radiation on one of the external
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VARIABLE RESISTANCES

ngurc 3.6: Multi-exchnage of a room exposed on all surfaces
~ (hollow concrete walls, Finite Difference Technique)
(Buchberg and Naruishi 1967)
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walls., A finite difference technique is used to solve the unsteady
heat conduction equation. The mailn feature of their study is that
they include forms of dimensionless groups which represent different

variables in the model

3.6 Summary and discussion:

A :number ‘of methods representing heat exchange in a room are
discussed. These vary from simple operating techniques, originally
designed for hand calculations, (Admittance Method), to complicated
multi-exchange models with finite difference technique using the
computer.

It is the designer, at the early stages of design, who will
decide what temperature is to be established in an enclosure. If
comfort is- to be evaluated, elther the dry resultant temperature
directly,: or separate mean radiant and the air temperature, are
required. This could be found by the Admittance Procedure. The
multi-exchange models ' could ©provide the individual surface
temperature. The finite difference technique enables the prediction
of temperature profile across a slab. It is the required degree of
precision which determines the suitability of a model.

Simple models and techniques, in order to simplify heat exchange
among the elements, "usually reduce the thermal network to simple
index points. -Among ‘these the Admittance Procedure  is the most

important.:

Each technique has certain assumptions and limitations, outlined
below.

3.6.1 Admittance procedure

The procedure has assumptions and limitations. The main interest
in the present study is the:validity of the method in the special
case of varlable ventilation and its use in conditions and climates
different from those for which the technique was developed.

The concept of a combined: coefficient for both radiation and
convectlon 1s used which leads to the ’environmental "temperature’.
This is a flctitious temperature at which all heat transfer and
energy lnput' is assumed to take place. As was sald above, this has

been investigated (Danter 1974) and for most circumstances errors

less than 5% of temperature, are reported, but Danter’s investigation

does not cover variable ventilation and is confined to the steady
state.
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The idea of the ’environmental temperature point’, 1in Iits
standard form, 1s developed for a cubic room. This might lead to
errors in some cases. (BAXTER 1975) Thlis affects the internal surface
resistance, the conductance between the environmental and other
points in the model and also-on'the scaling procedure of energy input
to the index point. The dynamic factors in the Admittance Method 1l.e.

admittance, decrement and surface factor, and also their associated

time lags, are also affected by the internal surface resistance. The

overall effect of the varliation caused by changes in RBI. might result

in serious error

The internal surface resistance is also a function of the
radiative and convective heat transfer coefficients. The variation 1n
the radiative part 1s negligible, but the convective part will change
over a wide range, 3.0 to7.0 W/mzK.(CHANDRA 1884) The standard value
recommended by the CIBSE Guide is 3.0 (W/mzK) In case of sudden
change to the rate of ventilation this will change. In these cases a
fixed value for hc and *Rsil 1s not appropriate.

The environmental temperature model is based on the assumption
of a unique temperature for the external wall, which is usually

partly glazed and partly opaque. As shown above, this will not lead
to great error in building application. (HANNA 1977)

The heat flux through the structure is considered to be one

dimensional, so that the effect of corners is also neglected. It is

also assumed that the physical properties of the bullding materials
are constant during the day . These two are the common assumptions in

most of the models and are not expected to cause problems.

In the standard form of the method, as suggested by the CIBSE
Guide, all the dynamic characteristics of the structure are
calculated for-pure sinusoidal energy input for a. 24-hours period.

The external temperature are also assumed to vary sinusoidally. It is

belleved that this assumption will be accurate enough in normal

cases, but it needs further examination.

In the method and its adaptation for wider use, (DANTER 1985,
WATERS 1981, HARRINGTON LYNN 1974, CIBSE Guide A-5 1986) the time lag

assoclated with the dynamic factors is not considered. The method is
simplified either to ignore the time lag or to use a fixed value. A
more correct solution could be obtained by the simultaneous heat
~ balance equation at the air and environmental point, for each time
step., Although this will diminish the - great 'advantage of the

~ procedure as a "manual method", in this research it is inevitable.
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The thermal model as used in the procedure, considers the room
as a single zone, and assumes the surrounding building at the same
temperature. A method is suggested by Dow (1985) to extend the model
for multi-zone cases. But there are some doubts about whether his
procedure results in accurate answers. The original background of the
model assumes no radiation exchange among surfaces of internal walls.

The method does not take this into account. It is possible to use it

only if the temperature difference between surfaces are small.

3.6.2 Other models

Multi-exchange models and finite difference technique are the
most flexible methods for calculating the heat loss and thermal
response in a bullding. Two approaches are normally used.

Implicit methods have the great advantage of belng stable for
all time intervals and distances between nodes in a slab, but the
computations are more complicated.

In the explicit methods the stablility criterion causes many
restrictions In choosing steps in time and distance, but the

computation 1s much easier.

Like the finite difference technique, the response factor method
becomes practical only when a computer is used to carry out the many
calculations required . In the resp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>