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SUMMARY

This thesis is concerned with the study of the absorption 
of solar radiation in a transwall module, an element 
of a passive solar system.

The transwall system is reviewed and its merits discussed. 
The design criteria of the transwall module and the costs 
associated with the various module design variations 
are given. It is concluded that the best design for 
building is a 10 mm thick glass tank 1.5 m long x 0.75 m 
high filled with a water/dye solution.

The calculation of the insolation absorbed by the 
transwall requires knowledge of the fractional energy 
in various wavebands and the absorption coefficients 
of the transwall materials. A standard atmosphere is 
defined for the Glasgow area, its parameters listed, 
and the fractional energy levels for beam and diffuse 
radiation (clear sky) are derived. Plots demonstrate 
how the extraterrestrial spectrum is modified by various 
atmospheric parameters. The absorption coefficients
for the transwall dyes, Lissamine Red 3GX, Carbolan Rubine, 
Methyl Orange and Acid Green have been measured and their 
individual use described.

The performance of a transwall module has been analysed 
by assuming the module to have an infinite thermal 
conductivity (a lumped system) and predictions tested 
•against measurement. It is shown that the predicted 
temperature rise is liable to be in error by 207o due 
mainly to elevated glass temperatures, and by 8% when 
cooling on the cessation of insolation.. The effect of 
other parameters on the accuracy of this method is



examined,; and the curious temperature profiles described.
After demonstrating that the lumped system approach 

has fundamental problems a case is made for a two-dimensional 
finite difference solution. As a first step in this 
work a computer program has been written to give the
absorption of radiation in the various volumes of the 
transwall and it has been validated by measurement.
The methodology of internal shade and acceptance factors 
for the volumetric slabs of the transwall is given. 
The program is used to quantify various factors, such 
as the sensitivity of slab numbers, the effects of dyes 

and solar absorbing glass, the effects of solar spectra 
and the number of wavebands, the effect of taking into
account room reflected radiation.

This thesis concludes by suggesting directions for
future work.



NOMENCLATURE

A optical 4ev\st
a solar azimuth angle in degrees
ar solar azimuth angle of refracted ray
aw wall azimuth angle, East positive

AF acceptance factor
. ' O

AU astronomical unit (1 AU = 1.496 x 10 km)
Cp constant pressure specific heat capacity
G i dye concentration (mol of dye/ kg of solvent)
CF shade ring correction factor

day number of year

Eq eccentricity correction factor of earth (rQ/r)2
E-fc equation of time (minutes)
F*̂  spectral fraction of solar radiation
Ft ratio of energy scattered in the forward direction to the

total energy scattered (dimensionless) 
h heat transfer coefficient
H. extraterrestrial daily radiation on a ."horizontal surface (MJrrf2 day"1)
H daily global radiation on a horizontal surface
Isc solar constant (WnT2 )
IQn^ extraterrestrial spectral irradiance at wavelength (Wm~2jam"< )

In  ̂ direct normal spectral irradiance
diffuse spectral radiation on a horizontal surface
global spectral irradiance on a horizontal surface ■

1 ^  Aerosol scattered spectral diffuse radiation
multi-reflected spectral diffuse radiation 

I<lr̂  Rayleigh-scattered spectral diffuse radiation
I*r intensity of transmitted light
IQ intensity of incident light
kj monochromatic attenuation coefficient (dimensionless)

extinction coefficient (nf1) 
k â  coefficient of attenuation due to aerpsols

coefficient of attenuation due to mixed gases
ko^ coefficient of attenuation due to ozone
kr^ coefficient of attenuation due to air molecules

coefficient of attenuation due to water vapour 
k T clearness index (dimensionless)
1 ozone layer thickness (cm(NTP))



L path length ( vn) .
L local longitude (degrees)
L standard longitude (degrees)
m optical mass (dimensionless)
m j optical air mass C .
m w optical mass for water vapour
m optical mass for ozone.
n refractive index
Nu Nusselt number
P * atmospheric pressure (mbars)
pO'l percentage of solar constant
r actual sun-earth distance (AU)1
r0 -mean sun-earth distance
R reflectance at normal incidence
SF shade factor
t time, thickness ^
T temperature
Ti solar time
V volume
VF view factor
w precipitable water thickness (cm)
V strength of solution (ppm)
X distance f  displacement
Zo height of ozone layer concentration

Greek letters

« solar altitude angle , Angstrom"* wavelengtK. exponent, a
solar altitude of refracted ray
Angstrom's turbidity parameter^ absorbance uvyt co^ce,f\t<,a^ov"i

S declination
Sc declination on characteristic days
3 inclination of surface from horizontal position
e angle of incidence
flr angle of refraction
6* ' zenith angle

wavelength (^-m ) 
ratio of refractive indices 
component of polarization 
density, reflectance, reflectivity 
geographic latitude, north positive

3hIr
f



f t . relative humidity in fractions of one
effective sky dome angle 

^  effective angle of incidence for diffuse radiation

UJ hour angle, solar noon and morning positive
sunrise hour angle for a horizontal surface 

Wo ratio of energy scattered to total attenuation by the aerosols
q ( absorptance
T  transmittance .
F* day angle, (radians)

t

Subscripts

a air
b beam, bottom
d diffuse
g glass -
g^ front glass
gj rear glass
gr ground
gz glazing
m mean
n normal
r room, refractive
sb solar constant
w water
% spectral
/ /  parallel component of polarization
X perpendicular component of polarization



INTRODUCTION

The ever growing concern for energy conservation 
has promoted a great deal of interest in the use of solar 
energy for the purpose of heating dwellings. As most 
heating requirements utilize low grade heat, considerable 
savings could be obtained by using thermally efficient 
structures in conjunction with renewable energy sources.

Passive solar heating systems incorporate the solar 
collection and, possibly, storage into the building structure 
and distribute the heat by natural means. A type of 
passive solar home heating system is the "Transwall " 

The transwall system is a modular visually transparent 
thermal storage wall which is placed in building areas

receiving direct solar radiation. The transwall is
essentially a wall of water filled glass tanks in a metal 
support frame. It combines some characteristics of the 
direct gain and thermal storage wall system, see figure 1.

Figure 1



The solar energy absorbed in the transwall is thermalized, 
thus raising the temperature of the modules. Part of 
this thermal energy is then slowly transmitted by radiative, 
convective, and conductive processes to the interior 
space. * The remaining stored thermal energy is lost to 
the exterior window. The room is also heated directly 
and illuminated by the transmitted fraction of the solar 
energy, as in a direct gain system. However, this fraction 
can be made small enough: avoid large fluctuations of
the interior air temperature, glare, and photodegradation 
of interior furnishings, which are undesirable characteristics 
of conventional direct gain systems, while still allowing 
good visual transmission and daylighting.

The calculation of the solar radiation absorbed by
the transwall requires knowledge of the fractional energy 
in the various wavebands. For this ,reason a ’Glasgow
standard atmosphere' has been developed which, for the 
usual test conditions of clear skies, gives the fractional 

intev\5 tiles for beam and diffuse radiation for varying
air masses. The absorption of radiation within a transwall 
depends also on its dimensions and on its materials of 
construction and filling. A cost effective way to enhance 
absorption is by the addition of a suitable dye, and 
the optical characteristics of several such dyes were 
investigated by experimental means.

The aim of the present work was to provide analytical 
and experimental methods of studying aspects of the 
absorption of radiation and the temperature rise in a
transwall. For the temperature prediction the .lumped 
system approach was used, in which the transwall has



an infinite thermal conductivity, has the great advantage 
of simplicity but it has recognized disadvantages relative 
to more complicated approaches such as finite differences 
and effective conductivity. The above system was used 
to predict the temperature changes on heating and cooling 
and tlhe k results were then compared against measurements.

If solar insolation is absent then the lumped system 
approach can predict the temperature fall to within 8%.

; When the insolation is present the temperature prediction 
is limited to . 187,, and so some other, more accurate 
method is required.

The vigorous circulation within the transwall module 
when first receiving insolation and the stratification 
cannot be predicted with the analyses developed here 
but these effects have been experimentally observed and 
quoted. The corvyecfcts/e circulation patterns within the 
transwall will be possibly accoon^A |or using finite 
differences and effective conductivity ' : • - "i
vYvedkodls and the analysis in Chapter 5 was developed

i
towards this objective. As a first step in this work 
a computing program has been written to give the absorption 
of radiation in the various volumetric slabs of the 
transwall accounting for their internal shade and acceptance 
factors. This is the first part of a programme to model 
the transwall phenomena using finite difference methods 
which incorporate the concept of effective conductivity. 
The' above anaylses were validated by experiment obtaining 
good agreement.

The actual measurements associated with the transwall's 
performance and validation of the two dimensional absorption 
computing program were performed in a test cell containing



a full size transwall module situated at the Mechanical 

Engineering Research Annexe (M.E.R.A.), Glasgow University. 

See photograph 1.1 below.

Photograph 1.1. A close-up photograph of the transwall

module used, installed in the test cell 

10 cm behind the glazing (see

f, ■



CHAPTER 1

' PASSIVE SOLAR HEATING

1.0 Introduction

This chapter sets the scene for the transwall. The 
distinction is made between active, passive and direct 
gain systems. The major passive storage systems are 
then considered, viz. Trombe wall, opaque water wall, 
water roof, and the transwall. A review is undertaken 
of transwall publications and their major conclusions 
quoted. The advantages and disadvantages of the transwall 
system are given in relation to other competing systems 
with consideration being given to such aspects as thermal 
and optical performance and architectural features. 
The practical design of transwall modules is commented 
upon with due regard to economic features.

1.1 SOLAR COLLECTION SYSTEMS

Thermal collection can be classified into active and 
passive systems.

a) Active Systems

An active system uses solar collecting panels, storage 
tanks or bins, an energy transfer mechanism and an energy 
distribution system. It always employs one or more working 
fluids which collect, transfer, store and distribute 
the collected solar energy. The working fluids are 
circulated by means of fans or pumps.



b) Passive Systems

Passive systems use natural elements to distribute 
the collected heat. Often a passive system becomes a 
"live in" solar collector with an impact on the architectural 
design of the structure and the life style of the occupants.

Since temperatures differences are used to distribute 
heat, most passive heating systems cannot, and do not 
attempt to, maintain a uniform indoor temperature. Many 
achieve a degree of control with adjustable drapes or 
louvers on glazed portions of the structure, or even 
use circulation fans.

1.2 CONCEPTS OF PASSIVE HEATING

Passive design seeks to reduce the house's energy 
budget by close attention to orientation, insulation, 
window placement and design, and to the subtleties .of 
the energy transfer properties of building materials.

Since solar gains are present in every building, all 
buildings are passively solar heated to some extent. 
It is when the building has been designed to optimise 
the use of solar energy and when solar energy contributes 
substantially to the heating requirements of the building 
that it is termed a solar building.

Passive Systems Components 

Passive systems contain five basic components:

1. Collector dark walls, windows, water ponds.

2. Storage walls, large interior thermal masses



irradiated by sunlight in winter, water 
ponds. Frequently these are integrated 
with the collector.

3. Distribution System radiation, free convection, simple
circulation fans.

4. Controls moving insulation panels to control
building or collector heat loss, vents 
and windows. These are frequently manual.

5. Backup System any nonsolar heating system.

1.3 PASSIVE SYSTEMS TYPES

The majority of passive systems for space conditioning
(both heating and cooling) can be placed within one of
the four generic system types:

a) Direct gain
b) Attached greenhouse J cov\sefvvtory
c) Thermal storage walls
d) Water roofs.

1.3.1 Direct Gain

The direct gain of energy through windows can meet 
part of building heating loads. The window acts as a 
collector and the building itself provides some storage.
The interior materials of the building are capable
of absorbing large amounts of energy through radiation 
and convection.



Overhangs, wingwalls, or other architectural devices 
are used to shade the windows during times when heating 
is not wanted. It is also necessary, in cold climates, 
to insulate the windows during periods of low solar radiati
on to prevent excessive losses.

The system aperture is 
usually double pane 
glass, always located 
on the south face of 
a building.

fig.1.3.1 Direct gain structure using massive rear wall 
for heat storage.

1 • 3 • 2 Attached Greenhouses/ CovNservfrto Aes

Attached greenhouses, or conservatories, are a mix 
between direct gain and thermal storage wall systems. 
Greenhouse attachments to buildings have been used as 
solar collectors, with pebble bed storage units and forced 
air circulation to the rooms added as options to improve 
storage and utilization of absorbed energy.

An important, but difficult to quantify, aspect of 
attached greenhouses is their esthetic and food functions.

concrete wall



fig.1.3.2 Greenhouse attachment
. f  A  »V ; T, . - /

1.3.3 Thermal Storage Walls

(i ) Trombe Wall
The essential solar feature of a typical Trombe Wall 

is the use of the south facing wall (Northern Hemisphere) 
as a solar collector, a storage facility and a heat trans
fer medium all in one, that is part of a building structure. 
The efficiency of the collector is enhanced by placing 
single or double glazing in front of the outer face of 
the concrete slab; the latter painted a suitable dark 
colour to absorb solar radiation. Heat is transfered 

from the storage wall into the internal environment by 
both conduction through the wall, and by natural convection 
currents in the air gap between the glass and the outer 
concrete face, fed by ventilation ports at the top and 
bottom of the wall, see fig. 1.3.3(i)

Overhang
concrete wall
transparent covers 
blackened surface

fig.1.3.3 Trombe Wall

optional fan

warm air

radiation and 
convection to 
room.

cool air



Losses during non sunny periods can be an important: 
factor in long term performance and movable insulation
may have to be provided in any but mild climates.

The thermal storage wall principle may be used with 
other materials than concrete.

(ii) Water wall (Drum wall)

The water wall is similar in concept to the Trombe 
wall but uses contained water instead of masonry. Water 
heat storage is of great potential benefit because it 
distributes heat gains quickly by convection and thus 
it has the capability of providing passive solar energy 
storage with greatly reduced surface temperatures. Also 
the circulation within the tanks gives a high effective 
conductivity and the inner wall becomes warmer.

Water is cheap, easy to install in tanks or drums 
and compared with concrete has a high thermal capacity 
per unit volume (two times that of concrete).

(iii) Transwall

(a) In buildings, see 1.4

solar radiation

1 exterior glazing
2 Travail modules
3 air passage
4 foundation insulation

Figure 1.3.3(iii)a.
A transwall modular passive 
solar system



(b) In horticultural Glasshouses

Nisbet and Kwan (29), investigated by computer simu
lation the energy savings resulting from the installation 
of transwalls in horticultural glasshouses. They found
that annual energy savings of 207o could be achieved for
sites in the West of Scotland and South England giving 
payback periods in the range 2\ to 5\ and 4 to 8 years 
respectively. The lower figure for South England reflects 
the principle that the transwall is most economic where
there is a combination of adequate solar radiation and
low ambient temperatures. The computer simulation revealed 
that conventional transwalls of glass construction were 
unlikely to be cost effective and it became necessary
to to develop an alternative module which in its final
form, fig. 1.3.3(iii)b, consists of a water filled plastic 
bag retained in a mesh case. The cage is constructed 
from 3.5mm wire, 75mm mesh and its dimensions of 1.4 m 
x 0.75m x 0.15m. It is reinforced by two twin angle 
iron strips to reduce its otherwise gravid appearance. 
The plastic bag is formed by a simple seam welder and

is made from 0.15mm Fromoclear Z27 clear PVC sheet.

fig.1.3.3(iii )b Transwall, water bag in a mesh cage.
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The absorption was enhanced y using Lissamine Red 3GX 
dye whose absorption spectrum transmits the wavelengths 
necessary for plant growth.

1.3.4 Water Roof

The principles are similar to a collector wall, but 
energy transport into the rooms is primarily by radiation 
from the storage ceiling. A roof carries a shallow, usually 
0.15m,/, water filled pond, either in tanks or in plastic 
bags in thermal contact with a strong, but highly conductive, 
flat roof and ceiling structure (5). Solar energy is stored 
in the water which in turn heats the ceiling. Some system 
of insulating the pond at night is required.

movable
insulating
shutters

metal ceiling

o v

Figure 1.3.4a Winter heating

The system can also be used for cooling by exposing 
the pond Surface at night and excluding solar radiation 
by day. In this case, the movable insulation covers 
the roof during the day and is opened at night. See
f ig. 1.3.4b.



Figure 1.3.4b Summer cooling
The solar roof pond is the equivalent of the transwall

for regions within the tropics v with their high altitude
angles. Clearly the projected area of a vertical transwall
normal to beam radiation will make the transwall of dubious
use in the tropics.

1.4 TRANSWALL - A REVIEW

Most of the research concerning transwall systems 
has been undertaken by the A M E S laboratory USDOE, 
at Iowa State University, U.S.A. The concept of transwall 
systems was first introduced in the 3rd National Passive 
Solar Conference in January 1979 (15). A paper was published 
in Solar Energy (12), in March 1979, and in the following 
year the work was reported in the Internat. Solar Energy
Conf. in Phoenix, Arizona in June (13) and further work
in the 5th Nat. Pass. Sol. Conf. in October at Amhrest, 
Masschusetts (11). In 1981 a report appeared in the Solar 
World Forum at Brighton, England (16) and another in the 6th 
Nat. Pass. Solar Conf. in September at Portland, Oregon (14).
Then two reports followed from the A M E S ,  team (17,18)-



In 1983 &rv extensive analysis of the system was present
ed in Parparsenos' PhD thesis (3)# a work that started 
4 years earlier at Glasgow University .M.E.R.A. 
and a paper in Applied Energy (19) by an Indian team 
of the Indian Institute of Technology, Hawz Khas, New 
Delhi. t In (15)", (12), (13), (11) the analytical results 
are based on 1 dimensional steady state thermal network
models of the thermal performance of the passive systems.
Experimental evidence has been collected from measurements 

in test rooms, on the south facing side of which are 
various passive solar systems (13). Calculations using 
thermal network models and based on reasonable assumptions 
for relative comparisons have been used to compare thermal 
performances of transwall, Trombe wall and direct gain

systems. Ref.(12,15) compared a convection quenched and a high 
conductance transwall against Trombe walls with and without
vents and against a direct gain system. They found
that the thermal performance of the quenched transwall
can be superior to that of the other systems and that
the high conductance transwall has a somewhat lower
performance, but it is approximately as good as the best
competing system, the concrete wall with air circulation.
Paparsenos (3) examined the distribution of solar radiation
of the direct and the transwall systems. He found that
the radiation absorbed by the various internal surfaces
of- an enclosure with the direct system is much larger
than that absorbed by the corresponding surfaces of the
transwall systems. This difference can be 2 to 107, of
the incident radiation for the side and north wall and
about 9 to 157. for the floor. This fact reveals the
tendency of direct solar systems to overheat under certain
conditions.



Sodha et al. (19) argued that the temperature varies
appreciably over a day and the wall stores large amounts 
of heat, so an appreciable error may result in the hourly 
evaluation of the thermal load from a steady state 
analysis. They developed an analysis which enables one 
to predict the time dependent thermal performance of the 
transwall.

/The transwall modules suggested by A.M.E.S. are listed 
in table 1.4'i The first transwall modules were made
from acrylic plastic but they were abandoned because
of reliability problems.

Enhancement of module solar radiation absorptance 
by using a central semi-transparent plate was suggested 
by (15,12,13,17,18,19). Design changes such as a) the 
effect on performance of moving the absorber plate ' from 
the centre to the inside tank wall, and b) the use of a 
transmitting selective coating (heat mirror) on the 
exterior facing transwall module walls to reduce radiative 
heat losses were investigated using a computer thermal 
network analysis (16,14). They found 1) for a double 
glazed room, without night insulation, the change in
location of the absorber plate did not significantly 
effect the performance and 2) the addition of a heat mirror 
reduced the auxiliary energy required by 507, with double 
glazing but could not compensate for the replacement 
by single outside glazing for double glazing. It produced

a higher predicted performance improvement than movable 
night insulation.

At present, the thermal performance of the transwall 
system with heat mirror coating modules is under test 
in A:M.E S. (16).
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Paparsenos (3) suggest the use of a suitable dye 
diluted into the water as another enhancement of the 
absorptance of the module.

Hull et al.(ll) also studied analytically the importance 
of various design parameters on the thermal performance 
of a transwall system throughout the heating season for 
three different climates. The design parameters varied 
are: collector area to building load ratio, transwall
thickness, transmittance of the absorber plate, and the 
amount of internal thermal mass. Results indicate that
an excellent thermal performance may be obtained while 
still allowing substantial design flexibility especially 
in respect to module thickness and the plate absorptivity. 
An increase in thickness beyond 10 cm gains little in 
SSF (Solar Savings Fraction). The analyses are based 
though on a water Nusselt number (Nu) of 2.5 and this
has proved uncertain (see later,} p.44 )

Preliminary analytical results by Fuchs et al. (15,12)
suggest that enhanced performance can be achieved when 
the heat (and mass) transfer rate is reduced to that
approaching conductive transfer by a combination of baffles 
and a gelling compound.

Paparsenos (3) considered the use of baffles to inhibit 
the water convection to be a rather difficult and
uneconomical solution and that gelling agents provide 
a better solution. Two different types were tried in 
MERA, Courtaulds Courlose F1000G and Celanese Celacol 
HA7 150000S, the former being the better for clarity.
In fact dilute wallpaper paste can be used.

There are problems though arising with the use of
gelling agents such as the above. 
ssf = \ - (MW- H£A-\ fcEavnRep >*/0 solafT)



1 ) they enhance the growth of micro-organisms,
2 ) the long chain molecules contract over several weeks 
leaving the upper regions clear and the lower regions 
opaque. Solutions stronger than 0.57o (kg of agent/kg 
of water) avoid this problem but at the expense of visual 
clarity and add . extra costs to the system.

Experiments by Hull et al, (11) suggest that horizontal 
convective heat transfer is suppressed somewhat because
of vertical temperature statification. They found Nu 
to be 2.5. The experimental results of Paparsenos(3) 
for a continuous radiation input of about 400 — 500 W/m 2 

.showed a-.-high effective conductivity which is compatible 
with a Nu value of 20 and not that of Hull's 2.5.

Paparsenos (3) used elaborate analytical models for 
some of - the elements of the passive solar system analysis. 
He found that a I-D model cannot match the 3-D nature of 
the radiation field in the room behind the transwall 
module, and showed that the velocity and temperature
fieldsf and therefore the heat transfer, in a transwall 
module are 3-D with complex circulation patterns.

The elaborate analyses were very demanding of computer
time to the extent that the ratio of computer time to

- real time was in excess of 2 0 0  to 1 .

1.5 THE TRANSWALL SYSTEM COMPARED TO OTHER PASSIVE SYSTEMS

The- transwall has several favourable thermal, optical 
and architectural advantages relative to Trombe wall
and direct gain systems.



a ) Thermal

(i) Analytical and experimental results have shown that

the thermal performance of the transwall system is equal 
to or better than that of the "direct gain" or the "thermal 
storage wall systems" (12,13,14,15)
(ii) The most important advantage, in terms of thermal 
performance between a transwall and a conventional thermal 
storage wall is that the solar input is deposited in 
the interior of the wall, rather than at the front surface 
facing the windows, as in the case for conventional 
systems. This results in a low heat loss th the 
window.
(iii) It reduces overheating.
(iv) It reduces the magnitude of the temperature swings 
in the living space which often occur in direct gain 
systems.

b) Optical

(i) Water is transparent in the visible part of the
spectrum. In fact fora. 1 0 cm thick layer of water and 
for air mass 2 only 2.67o of the visible part is absorbed
The visible portion of the sunlight is partially absorbed 

at the transwall glass (ancf/or rear absorber plate) and 
partially transmitted into the interior of the building
and provides illumination and some direct gain heating.
(ii) It reduces glare.
(iii) It reduces the risk of damage to the interior
materials.
(iv) It has been found that the transwall gives better
distribution of radiation within the room.



(c ) Architectural

From an architectural view point, the transwall 
overcomes the disadvantages frequently experienced in 
both Trombe wall and direct gain systems, viz.

(i) The transwall is architecturally more attractive 
than the completely absorbing Trombe wall, since it admits

I
light to the interior space and allows the occupants 
to see out through the window.

(ii) Water based thermal storage reduces weight and 
requires less space than its concrete counterpart by 
factors of approximately 4 and 2 respectively. Water 
has the highest heat capacity per kg of any ordinary 
material (e.g. rock, masonry, adobe). In a 15.2cm thick 
transwall the water provides a heat capacity per unit 
area of 660 kJ/m2C which is equivalent to a 3 3 cm concrete 
wall (15). Water also is very inexpensive and therefore 
is an attractive storage and heat transfer medium.

(iii) Other advantages when compared to conventional 
passive systems are that it does not need to form part
of the structure of the building and the system is designed 
for on site assembly in new or retrofitted buildings.



1.6 TRANSWALL MODULE DESIGN

a ) Module dimensions

The absorption of radiation within a transwall depends 
on its dimensions and on its materials of construction 
and filling. Transwalls will be supported in a framework 
and in order to minimize visual obstruction each module
should be as large as possible in the length and height 
dimensions. The total height of the transwall in a typical 
private house will be about 2.3m giving a transwall module 
height of about 75cm. This is greater than the current 
ones under test, 60cm, but stress considerations would 
suggest that this Kel^Kt is feasible. The current length 
of 1.2m should be capable of extension to 1.5m without 
too much difficulty provided the top is securely strapped.

b) Water quality control

A sealed system does not appear to be economically
practical at this time. A simple lid can be used which 
reduces water evaporation and contamination. A permanent 
syphon tube would be located in one corner for emptying.

Water evaporation is . not a significant short term
problem in modules. The long term evaporation can be
retarded by using a thin layer of low vapour pressure
oil that floats on and seals the top water surface from

tkat
the atmosphere. It has been suggested (14)L flourosilicone 
oil is the most suitable because it is not biologically
active, it has a low/ pressure and it is compatible with 
the silicone glass bonding adhesive.



There is a problem though using such oils. When

the tank is emptied completely the oil covers all the 
interior walls and it is hard to clean it off.

Algae growth and suspended precipitates may be produced 
in a transwall module when tap water (without being 
boiled') is used. It has been suggested (14) that if 
water is treated with lOOppm CuSO* and 150ppm disodium 
ethylenediamine tetracetate (EDTA) such problems will 
disappear. CUSO4 is a common al-gicide and EDTA a chelating 
compound often used to keep metal ions in solution.

Care is required in the choice of an algicide if a dye 
system is used. Algicides based on chlorine might bleach 
the dye (37 ).

1.6.1 Description of The Transwall Module Used

fabricated for the solar test cell studies. The transwall
structure used in the passive solar test cell consists
of a single vertical module supported in a metal frame.

The following module design was planned to serve
as a test prototype for thermal and optical performance 
evaluation and is not considered as necessarily, proto
typical of a commercial product. The module is a simple 
rectangular 'container, fabricated from 1 0 mm thick annealed 
glass (Pilkington Ltd.) using silicone adhesive sealant 
to bond butt and lap joints, see fig. 1 .6 .1 .

A transwall test prototype system was desi



This is a standard aquarium

construction technique and 
has provided reliable leak 
free containment without 
additional structural 
reinforcement. The outer 
module dimensions are 1.14m 
long by 0.63m jheight and 
0.17m thick. A module of 
similar dimensions was also 
constructed from 6mm glass 
but it was found that the 
module bowed alarmingly 
without the support of its 
aluminium lid.It is felt that the extra strength and 
stiffness provided by 1 0 mm glass is well worth the 
extra cost. The hydrostatic deflection of the face plates 
produces negligible visual distortion. In practice it 
is filled to a height of 0.6m. The volume of water in 
the module is 0 . 1 1  m3 which has a mass of approximately 
| 1 0  kg.

1.7 ECONOMIC CONSIDERATIONS

The transwall system has broad significance for both 
the residential and commercial passive program because 
of its potential as a marketable primary - system product 
affording both heating and daylighting.

A comprehensive economic evaluation is beyond the

LJ
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P>9.1.6.1. Transv/all.lOmm Glass

100mm



scope of this thesis. In order to obtain useful results 
it is not only necessary to have a validated computer 
model of the transwall behaviour but it is essential 
to have a realistic program which provides an interaction 
between the transwall and the building environment. 
Obviously these have to be treated as dynamic systems. 
Only programs such as the Enwoywie-nial Systems, Per£©rvY>arvte (ESP) 
(30) of the Abacus Unit of the University of Strathclyde 
are likely to prove adequate to this task.
A  Few important economic considerations have been 

identified.
Transwalls have to be cost effective and unfortunately 

costs on a few-off basis can differ by up to a factor 
of 3 from different suppliers. If glass is bought cut 
to size, then the cost per unit area can easily triple 
to £34/m2 . A glass tank manufacturer with stocks of 
10mm glass can produce finished tanks 1.14m x 0.63m x
0.17m for £33 ( retail ).

The increase in the absorptance of the module by 
using an extra absorber plate, suggested by all AMES
papers, is unlikely to be cost effective. This is the 
reason for the current examination of transwall modules 
in AMES (14,16), in which the absorber plate is transfered 
from the centre to form the long side inner module wall.
Even this approach might increase the cost substantially.
Bought in bulk Pilkington's Antisun grey 41/60, 10mm 
thick, costs 50% more plain 10mm float glass and the 
£33 for the clear glass tank would rise to £40 plus 
if the Antisun glass were to form one wall. However, 
if bought cut to size the cost of the tank would double. 
The use of dyes, diluted into the water seems to be a



more cost effective w^y of increasing the absorptance 
of the transwall module and provides much greater 
flexibility.

Both module and frame costs are very sensitive to
the amount of labour involved. If there were a large 
demand for transwalls and they were produced in quantities 
upwards of 30000 units per year then the cost could 
reduce by moulding them in polycarbonate. This production 
volume would justify the mould charges in the region
of £50000. This would reduce the retail cost to about 
£ 2 0  ( £ 8 to manufacturer), but substantial internal ribbing 
of the 5 mm thick wall is likely to prove visually
obstructive.

T h e  aoW\or ovN&Wte. *̂o k
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CHAPTER 2

PROPOSED STANDARD RADIATION CURVES FOR THE WEST
OF SCOTLAND

2.0 Introduction

The absorption of energy in the transwall depends 
crucially on the wavelength of the radiation. Since 
it is impractical* to deal in other than wavebands, in 
practice 8 to 1 2 , it is important that the fraction of 
the total energy received in each waveband is known.
This will depend not only on whether the radiation is 
beam or diffuse but also on the atmospheric attenuation. 
This in turn depends on the atmospheric parameters and 
thus on the locality. The sensitivity of the parameters 
to different localities is examined and standard radiation 
curves for the Glasgow area are calculated.

2.! THE SUN

The sun is the star closest to the earth and its radiant 
energy is practically the only source of energy that
influences atmospheric motions and our climate. The 
sun is a sphere of intensely hot gaseous matter, composed

5mainly of hydrogen, with a diameter of 1.39 xlO km
comprisl'no' many layers of gases which are progressively
hotter and denser toward its centre. The outermost layer
from which energy radiates into the solar system has
an effective blackbody emitting temperature of about
5800K for the same energy output, and 6300K for the same
wavelength of maximum radiation. TheA, centre of the sun
may be from 15x10^ to 40xl0^K. It is generally accepted 
* see |>. to*
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that a hydrogen - to - helium thermonuclear reaction is the 
source of the sun's energy.

2.2 THE SOLAR CONSTANT

In a survey of solar radiation measurement a parameter 
that should be considered first is the icraAiar>ce. received 
outside the earth's atmosphere, namely the solar constant. 
The solar constant is- the total iv“rĝ i&Y\c.e$in the
solar spectrum. This quantity, however, is not sufficient 
since most solar applications are strongly wavelength 
dependant. It is necessary then, to examine the
distribution of within the spectrum, see also
Appendix B.

2.3 A CLOUDLESS SKY ATMOSPHERE AND ITS OPTICS

Solar radiation emanating from the sun is attenuated,
before reaching the ground, by the earth’s atmosphere
which can be classified into three broad types: a) clear,
b) partly cloudy and c) cloudy. This analysis is concerned
only with both direct and diffuse radiation during clear
days. Boer (20) selected five typical clear weather
days to represent typical seasonal conditions in respect
to air mass, water vapour, ozone and turbidity. Solar
energy availability is needed for all , types of weather
conditions but clear- day radiation is the most important
because solar effects are large. In addition, a study
of clear-day radiation is a logical start into the problem 
tke

ofA incidence of solar energy on partly cloudy and cloudy 
days.

A method is introduced here to calculate the 
fractional i>fTê*ia<\ce. per waveband for the direct and diffuse 
components as a function of air mass for the Glasgow
area*



2.3.1 The Earth’s Atmosphere

The earth’s atmosphere consists mainly of molecular 
nitrogen and molecular oxygen. In addition it contains 
water vapour and aerosols such as dust, soot, water drops 
and ice crystals. Consequently, in order to determine 
the transmittance of the atmosphere to solar radiation, 
the total atmosphere of the earth is usually divided 
into three groups: clean dry air molecules, water vapour
and aerosols. Solar radiation entering the earth's 
atmosphere is attenuated by each of these groups.

2.3.2 Clean Dry Air

Clean dry air contains about 787> nitrogen, 2170 oxygen, 
170 argon and 0.337o carbon dioxide by volume. The actual 
composition and concentration of the constituents of
clean dry air vary with geographic location, elevation 
and season. Air molecules, though, absorb solar radiation 
only at selective wavelengths. In the upper atmosphere,
ozone is created mainly by UV solar radiation. On the
ground, it is formed through decomposition of nitrogen 
oxide that enters the atmosphere from power plant 
pollutants and forest fires for example. Ozone is mainly 
concentrated between a 10 -35 km altitude, fig. B.l.

The amount of total ozone 1, in a vertical column 
of air is given in cm (NTP). Table 2.3.2 gives the
seasonal variation of ozone content for two different 
lattitudes (10). The middle line is the interpolation 
values for Glasgow. For an annual average in Glasgow 
1 = 0.344 (in cm (NTP)).



2.3.3 Water Vapour

The amount of water vapour present in the atmosphere 
can be defined as:
Precipitable water w is the total amount of water vapour 
in the zenith direction, between the surface of the earth 
and the top of the atmosphere.

The following formula by Leckner (21) will be used, 
which expresses precipitable water in terms of relative 
humidity.

W = -~ - <fr .exp( 26.23- 5^ 6 ■) (2.3.3)

where £ is the fractional relative humidity, T is the 
ambient temperature (in Kelvins)

Average values (over a 10 year period from 1956 to 
1965) (22) of relative humidity and dry bulb temperature
at 9h and 15h, GMT at Renfrew Airport Glasgow are given 
in tables 2.3.3a and 2.3.3b respectively.
Average yearly relative humidity =0*78
Average yearly ambient temperature = 9.85°C

= 283 K
Using (eq. 2.3.3), for Glasgow w = 1.62 cm

2.3.4 Aerosols
CoUoldal S'fiW'Tv

An aerosol is aK small solid or liquid particles that
remain suspended in the air and follow. the motion of

Prides
the air. Aerosolr A are highly variable in size,
distribution, composition and optical properties.

An atmosphere containing aerosols is also called 
turbid or hazy. The presence of aerosols in the atmosphere 
can be quantified by any one of the following:
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1) Number of dust: particles per cubic centimeter
2) Atmospheric turbidity and
3) Visibility*

Aerosols in the atmosphere can alter the solar 
radiation incident at the ground in two ways: by decreasing 
the ̂troiK\A level and by changing the relative amounts
of direct and diffuse radiation.

2.4 OPTICAL MASS
^ tHeOptical mass, m, is the ratio of / actual path length

of the sun's rays through the atmosphere, to the path
length vertically above the surface in question. Air
mass zero refers to the absence of atmospheric attenuation
at 1 AU from the sun.
Ignoring the earth’s
curvature and assuming
that the atmosphere is
nonrefractive and
completely homogeneous
(fig. 2.4a), the optical
mass applied to all the
atmospheric contituents
is:

m = sec0 (2.4)z

where 0 is the zenith z
angle.

Figure (2.4) The trajectory of a solar ray through the 
earth's atmosphere.
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However, density is actually variable with height. Further
more, because of the curvature of the earth and refraction
through the atmosphere, the slant path of the beam
radiation will follow the path PL, fig. 2.4b.

The optical mass is I a function of the distribution, 
with height, of atmospheric density and refractive index.

r e.Wtwe
Kasten (24) presented tables of the 1 optical air mass

toand the following formula which approximates!his tables:

where p is the local pressure in mbars.
The above equation was also employed to compute the optical 
aerosol mass (6 ).

2.4.2 Optical Ozone Mass mQ

Fig. B.l gives the concentration profile of ozone 
in the atmosphere. Assuming that all ozone is concentrated 
in a thin layer centred at height z0 , Robinson (10) through 
simple geometry ,has shnwn!

zc = 21*3 km above sea
re = mean radius of earth, 6370 km.
Gotz et al. (25) has shown that the mean effective height 
zc , is higher when the total amount of ozone is low. 
For 1 = 0*34 cm, z0 is 21-3 km.

therefore

*Re\a\W4
2.4.1 j[ Optical Air Mass ma

ma ( _ £>10131013725 cos0 + 0.15*(93.885 -0 ) z zz (2.4.1)

45ee CO (>* 400



2.4.3 Optical Water Vapour Mass

The vertical water vapour density profile is very 
different from that of dry air. Kasten (24) has developed 
the following formula:

2.5 ATTENUATION OF (DIREGT) SOLAR RADIATION

The solar spectrum is substantially modified in passing 
through the earth’s atmosphere, and approximately 
25-507o of it's is lost by scattering and absorption.
Scattering, results in attenuation of the beam radiation 
by air molecules, water vapour and dust.

Depending on the particles size scattering is determined 
by either Rayleigh's or Mie's theory. Rayleigh's theory 
is based on the assumption that the scattering particles 
are spherical, that X scatter independently of one another
and that their A are less than one tenth the wavelength 
of light.
Mie's theory takes into the account the size, shape,
dielectric constant, and absorptivity of the particles.lt 
is applied for particle size
greater than 1

Smcd particles: Rayleigh scattering

Scattering by air molecules 
is Rayleigh scattering and
of water vapour, dust

Large particles: Mie scatteringLarge particles: Mie scattering

F ig . l^  Angular distribution in R ayle igh  
and Mio scattering.

particles and aerosols
it is Mie scattering.



Absorption of radiation in the atmosphere in the solar 
energy spectrum is due largely to ozone in the 
ultraviolet and water vapour in bands in the infrared.

Simple formulations are given describing attenuation 
of direct radiation by the various atmospheric constituents. 
For calculation purposes the extraterrestrial spectrum 
listed in Table B.l. shall be used.

2.5.1 Scattering of Air Molecules , *1^

Leckner (21) has presented the following approximate 
formula for the transmittance of dry air at standard 
conditions:

The spectral transmittance for molecular absorption 
due to C02 j 0 £ etc., combined under a general denomination 
of uniformly mixed gases is given by the following:

by Leckner (<-_,, ^  ^
the spectral absorption coefficient of uniformly mixed gases.

The spe£ial transmittance due to water vapour absorption

by Leckner (21), Kv,â from table B.3 is the absorption 
coefficient of water vapour.

( - 0-00S155 .y

2.5.2 Transmittance of Uniformly Mixed Gases

2.5.3 Transmitance of Water Vapour ,

is :



2.5.4 Transmittance of Aerosols

The absorption of solar energy by a layer of aerosols 
increases the radiative heating of the atmosphere and 
decreases the amount of energy available at the surface.

The turbidity of the atmosphere measured at any site 
depends partly on local weather which determines the 
input of aerosols from domestic and industrial sources 
and mainly on the origin of the prevailing air mass which 
determines the input of aerosols from much distant sources.

The interaction between solar radiation and atmospheric 
pollution is reciprocal —  solar radiation influences 
air pollutants and pollutants influence solar radiation. 
Peterson ' (23) et al. studied the interaction between 
air pollutants and solar radiation. Unsworth (26) et al. 
found that, from a long series of measurement of 
in Britain, Ta depends on the air stream prevailing over 
the area and also that depends mostly on the amount
of aerosol in the atmosphere.

Since attenuation effects of scattering and absorption 
by dust are difficult to separate, AngstromM 6 ) suggests 
a single formula.

r a; =  e % p  ( - £ • ^ ' * • ' ^ 0  C 2 .5 -4-)

A different procedure is that of Moon (27) in which 
separate coefficients for water and dust particles are
used.

In equation (2.5 *4)7 /? is called Angstrom's turbidity 
coefficient and varies 0.0 to 0.5. ft is an index representing 
the amount of aerosols present in the atmosphere in the 
vertical direction.



The wavelength exponent, , is related to the size

distribution of the aerosol particles and varies from 
4 to 0. When the aerosol particles are very small 
oc should approach 4 and it should approach 0 for very 
large particles. For Glasgow's atmospheric condition 

= 0.66, - 0.085, 5 beUevev* it to be typical. Kreith
and Kreider (5) also propose similar values for their 
tables. Rearranging McClatchy and Selby's equation (6 ) 
the above values will give a visibility of 134Km, a useful 
measure of atmospheric clarity.

Different researchers in the field suggest different 
approaches and also suggest various combinations of the 
parameters <x , ^  , with various degrees of atmospheric
cleanliness.

Atmosphere o ( Visibility (km)
Clean 0.00 1.30 340
Clear 0.10 1.30 28
Turbid 0.20 1.30 11
Very turbid 0.40 1.30 5

W e a t h e r  T y p e a . fi

Very clear/cold, (**10°C), Winter day 1.5 0.03
Clear/cool, (5°C), Spring day 1.3 0.06
Clear/cool, (15°C), Summer day 1.1 0.09
Hazy/hot, (35°C), Summer day 0.6 0.25
Hazy,warm, (20°C), Autumn day 0.8 0.15

Iqbal (6 )

Boer (20)

2.5.5 Transmittance of Ozone ,
By Bouguer ' s - Lambert' s- Beer ' s laws, see 3.2 for ozone

T  oJ = exP < - V

For 1 see 2.3.2 and the attenuation coefficients are
given in table B.4.



2.5.6 Direct Spectral Irradiance On The Ground ,

Direct or beam radiation is the solar radiation intdfcepted 
by a surface with negligible direction change and scattering 
in the atmosphere, figure 2 .6 .
TVe monochromatic distribution of direct solar beam can 
now be computed as a function of a number of variables, 
including optical mass and a wide variety of atmospheric
parameters. The total transmittance due to the molecular
absorbers can be written as:

r '̂oy * (2.5.6a)

and due to continuum attenuation as:

•=* 'Tfx ‘ (2.5.6b)

The monochromatic transmittance is:

=  'X * * \  (2.5.6c)

Direct spectral irradiance at any wavelength on a surface 
normal to the sun’s rays and at mean sun-earth distance is:

T —  T  • T
1  ~  'nr\  ^ (2 .5. 6 d )

2.6 ORIGINS OF DIFFUSE SPECTRAL RADIATION

Diffuse radiation is generated by the scattering 
effects of air molecules and aerosols, figure 2 .6 .
It does not have a unique direction and shows a shift* to 
shorter wavelength when compared with direct radiationf
see figure 2 . 9 . S. 
iw We.' jpeaV. v̂ orsocVxrorA&X̂



It was found Chat for Glasgow'* typical c l ear  

sky atm o s p h e r e  , this component of solar r a d i a t i o n  is 

equivalent to 21% of the total radiation falling on a 

horizontal surface at air mass 2.

"RtfUclti t»Le.V
•*\\o

5or f

Figure 2.6. Direct, Diffuse and Total Solar Radiation.

2.6.1 Rayleigh — Scattered Spectral Diffuse Irradiance, IdrA

Irrespective of the angle of incidence, 'about half 
the diffuse radiation is directed toward the ground and 
the remainder goes back to space. Brine (28) et al. 
suggest the following equation for Rayleigh scattered 
diffuse radiation reaching the ground after the first; 
pass through the atmosphere:

*
|  fO r r \



2.6.2 Aerosol Scattered Spectral Diffuse Irradiance,

Brine (28) et al. suggest the following equation 
for diffuse radiation reaching the ground after the first 
pass through the atmosphere:

h  • w o 6 2)

where Fc = energy scattered in the forward direction
total energy scattered

For Britain, Robinson (10), provides us with the following 
table:

TABLE 2.6.2
e*
Fc

0 10 2 0 30 40 50 60 70 80 85
0.92 0.92 0.90 0.90 0.90 0.85 0.78 0.68 0.60 0.50

and ^   ____________energy scattered by aerosols __________
total attenuation under the first impingement of 

direct energy

=0 . 6 was chosen for Glasgow, as it is appropriate for
for urban industrial regions (6 ).

2.6.3 Atmospheric Reflectance,

Reflectance is defined as the ratio of the energy*
reflected back to the incident energy4. Atmospheric
reflectance is the diffuse component reflected back to
space. Iqbal (6 ) assumes a. single angle of incidence
corresponding to air mass m =1.9, and hence 0Z ̂  58 and 
from table 2.6.2, Fc' = 0.79.

V  — ----^
reflectance of air molecules reflectance of aerosols

* The dashed characters correspond to m = 1.9



The atmospheric reflectance is greater at shorter 

wavelengths and increases with oC and y3 •

2.6.4 Multi-reflected Spectral Diffuse Irradiance

Diffuse radiation arriving on the ground after the first

pass through the atmosphere and direct radiation are 
in part reflected by the ground. This upward radiation 
is partly reflected back to the ground by the atmosphere. 
This process continues ad infinitum.

Consider diffuse radiation reaching the ground
after the first pass, and beam radiation on a horizontal 
surface, >and let

ABSORPTION

Qx • i< ,X *idoX *i*X  COS Bt ° x ( / 5, x /5oX + /5, x ( / 5o x ) ^ l ( ^ x ) 5 * -  ]

Fig. 2.6.4 The process of multiple reflection of radiation 
between the atmosphere and the ground.

From fig. 2.6.4, it can be seen that the total amount of 
multi-reflected radiation reaching the ground is:



I . ;=.(W  X *?A-flay +  i n y ^ e z-/’b;aV/;A_*-aw& y
c' •• (2 .6 .4)

where ja is the ground reflectivity due to diffuse radiation 
and j>  ̂ is the ground reflectivity due to beam radiation.

2.6.5 Diffuse Spectral Irradiance on Vhe Horizontal,I^

The diffuse spectral irradiance on a horizontal surface, 
is composed of three parts: a) the diffuse spectral

irradiance produced by Rayleigh scattering Ijr^ > b) by 
aerosols after the first pass through the atmosphere
Ija'j and c) by multiple reflections •
Consequently

= Xdrj[ + + Xdm^ (2.6.5)

A comparison between Iar̂  5 IcU} anc* Idw) was performed 
for the proposed Glasgow atmosphere. It was found that 
lar} = 64%, 1^^ = 25% and I<im) = 11% of the total diffuse
radiation.

2.6.6 Global Radiation , 1̂

Global, or total ircâ lfcvNce.-, is all solar radiation 
incident on a surface, including scattered, reflected
and direct, figure 2.6.

On a horizontal surface the global spectral irradiance
is:

^  = In^cos^ + rdA (2 .6 .6 )

It is shown clearly in table B.5 that at all wavelengths 
longer than 1 jxm, global radiation is almost entirely 
composed of the direct component.



2.7 TOTAL AND SPECTRAL SOLAR IRRADIANCE AT GROUND LEVEL

All the information and formulae listed in chapter
2 were used to construct a computing program. The program
permits the atmospheric parameters such as ozone layer
thickness, precipitable water vapour, turbidity, and
ground reflectivity to be varied independently. The
results which establish standard curves for direct, diffuse 

raAlalio-n
and global iv at air mass 2 are listed in Appendix B, in 
tabular form, (table B.5).

2.8 GLASGOW STANDARD ATMOSPHERE

ozone layer thickness = 0.34 cm 
precipitable water vapour = 1.62 cm 

wavelength exponent, , =0*66
turbidity p a r a m e t e r , , = 0.085

Extensive data in tabular form -are given in table B.5
for the above parameters and for an air mass 2. Moon 
(27) suggests that air mass 2 should be used whenever 
a single, standard solar radiation curve is needed in 
engineering calculations for places near sea level.

2.9 RESULTS CONCLUSIONS
The total integrated direct solar irradiance value, found 

to be 734.7 Wm ~2, agrees with Thekaekara1 s (5) within 
-27, after linear interpolation, and with Moon’s (27) 
within - 47, under similar atmospheric conditions and for 
the same solar constant.

3 \Energy in the infrared band (0.17 Jxrr\ -10 ̂ mjaccounts for 
507o of the total direct icr&cUtcnce.
The fraction in the visible spectrum (0.39 — 0.77 jxm)



accounts; for about 637> of the total diffuse radiation
arriving on the ground.

After transmission through the atmosphere, very little
UV energy reaches the earth.

The method used in this analysis was similar to the
one proposed by Iqbal (6 ) and applied to Montreal (45.5°) ,
Canada. Results for both beam and diffuse spectral
irradiance showed an excellent agreement. Quantitatively
diffuse radiation for Glasgow and Montreal were very

irra.<i Llnce
similar and for direct the Montreal I was somewhat less.

Boer (20) gives similar graphs for a latitude of 40°N
in the U.S.A., but only for the direct component of solar
radiation. His method is dependent on the type of weather

the
according to a particular season, see 2.3.4, andk best
agreement was for hazy/hot (35°C) Summer days when his
results for beam radiation were compared with the ones 
provided in this thesis. rali'ation

The amounts and spectra of beam and diffusel for two 
different places in Britain were also investigated see
Chapter 6 .

For most solar engineering problems determining the 
amount of radiation over a certain bandwidth or over 
the complete spectrum is required. The fraction of direct 
and diffuse energy in different colours (6 ) and regions 
of the spectrum is shown in table 2.9.

As the zenith angle increases, the fraction in -the
infrared band increases.

For a fairly clean atmosphere maximum k is in 
the UV and violet bands.
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Through a series of plots it is demonstrated how the 
extraterrestrial spectrum is modified by atmospheric 
parameters before it reaches the ground.

Firstly, it is instructive to look at the relative 
magnitudes of diffuse, direct* and extraterrestrial radiation 
for the conditions- of the proposed typical Glasgow atmosphere, 
see figure 2.9.1. In figure 2.9.2 the amount of radiation 
attenuated by the atmosphere is shown as the shaded area. 
The lower curve represents the sum of the direct normal 
and diffuse irradiance. From figure 2.9.3 it is clearly 
seen that the spectra of direct and diffuse radiation 
are very different in the region of 0.25 --0.55 Jim. For 
this reason it is necessary to perform calculations using 
two different spectra for beam and diffuse radiation. 
Also at wavelengths longer than 1.25 jam the total radiation 
is almost entirely composed of the direct component.

In figure 2.9.4 the various molecular absorption bands 
are identified. The first curve under the extraterrestrial 
line represents depletion of the direct beam by Rayleigh 
scattering only. The next curve below represents the 
actual amount of direct solar flux reaching the ground. 
The amount of energy absorbed by the various gases is 
shown by the darkened areas. The size of the shaded 
areas (except those for 0^ and CC^) depends on the amount 
of 0^ and H2 O present in the atmosphere.

The effect of a variation in ozone only is shown in 
figure 2.9.5. Attenuation by ozone is confined to the 
UV and the visible spectrum. The absorption effects 
increase, however, with an increase in the zenith angle.

* The term direct in this Chapter means the direct
irradiance normal to the sun's rays.



Varying the amount of water vapour in the atmosphere 
from 1.62 to 3.5 cm is demonstrated in fig. 2.9.6. Even 
a small amount of moisture in the atmosphere shuts off 
all radiation beyond approximately 2.5jjm.

Similar results were observed for the diffuse spectral 
irradiance, see fig. 2.9.7.

The effect of variation in the turbidity parameter,
and of the wavelength exponent cx; is shown in figs. 

2.9.8 and 2.9.9, respectively. has a strong influence 
on the spectral flux reaching the ground, oc , however, 
has only a minor influence on the spectral irradiance. 
Furthermore, irradiance at ^ y 0.85 ̂ m remains unchanged 
by a change in oL.

Fig. 2.9.10 shows the effect of a change in turbidity 
parameter . Naturally, greater turbidity results in 
higher amounts of diffuse radiation.

The effect of a variation in o< is demonstrated in 
fig. 2.9.11. A small average particle size represented 
by high values of oc produces greater amounts of diffuse 
irradiance.

Finally the influence of ground reflectivity on spectral 
diffuse irradiance can be examined in fig. 2.9.12. An 
increase in ground reflectivity from 0.2 to 0.75 (the 
case of fresh snow cover) substantially increases diffuse 
irradiance.
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Figure 2.9.2 Amount of radiation attenuated by a proposed
Standard Glasgow Atmosphere under cloudless skies.
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Figure 2.9.4 Identification of the various molecular absorbers.
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Figure 2.9.5 Spectral direct normal irradiance for different ozone 
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Figure 2.9.6 Spectral distribution of the direct normal component of
sunlight for different amounts of precipitable water. •
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CHAPTER 3

OPTICS

3.0 Introduction

An understanding of the radiation properties and 
characteristics of the various parts of a transwall module 
is essential for the analysis of the system. The materials 
used (glass, various dyes, water) have significant optical 
property variations with wavelength and in this chapter 
these variations are examined. The spectral dependance 
of their properties was measured and is recorded herein. 
Although incident solar radiation is taken to be unpolarized 
the transwall produces partial polarization as the radiation 
passes through the various materials and its treatment 
is also described in this chapter.

3.1 REFLECTION OF RADIATION

3.1.1 Index of Refraction and Extinction Coefficient

The optical behaviour of a transparent substance can 
be characterized by two wavelength dependent physical 
properties, the index of refraction n(^) and the extinction 
coefficients k( J ) which are respectively, the real and 
imaginary parts of its spectral complex refractive index.

The index of refraction, which determines the speed 
of light in the material, also determines the amount 
of light reflected from a single surface, while the 
extinction coefficient determines the amount of light 
absorbed in a substance in a single pass of radiation.

n (3.1.1)



In the case of glass the variation of the refractive
index with wavelength gives rise to a phenomenon termed
dispersion. In general the refractive index decreases 
as the wavelength increases and the rate of decrease
is greatest at the shorter wavelengths (30).

In the case of water the above statement applies with
the difference that the spectral refractive index decreases 
rapidly in

1.34 

1.30
nw (J)

1.26
u

| %  1 -22  
*o £  v

| £  S  -36 -50 .71 1.25 2.5
W a v e l e n g t h  2 ( J*m)

Fig. 3.1.1 shows the refractive index of water as a function 
of wavelength. (from Palmer (32)).

When a dye is used in the transwall the reffcctive 
index of the water dye solution is expected to be different 
to that of water. . in fact, it has been found ( 4 5  , 31)
that the values of the refractive index,^ increase with 
concentration, but are not too different from that . of 

^^1.33 for pure water. In the present analysis the dye
concentrations are very moderate ( 4 — 35ppm), so it is 
safe to assume that the refractive index of the dye solution 
remains the same as that of distilled water. This assumpion 
is used everywhere in this thesis.

the region of 2jjjn, see fig.3.1 . 1



3.1.2 Fresnel's Law

The reflectance has two components corresponding to 
the two components of polarization resolved parallel 
and perpendicular to the plane of incidence.

The perpendicular LL) and parallel (//) components, 
respectively, are given by the relations:

assuming smooth surfaces and that the incident radiation 
is unpolarized.

In a transwall module the following boundaries are

a) Air/glass boundary
b) glass/water boundary
c) water/glass boundary
d) glass/air boundary
The reflectivity as a function of polarization and angle

tan(0 — 0 „)
tan( 0 + Q r )

(3.1.2a)

(3.1.2b)

possible for forward and backward directed rays:

of incidence was investigated for boundaries (a)
These cases are summarized in figure 3.1.2
The diagrams below correspond to n^ = 1 and n^ = 1.51.

100  %  1 1— i— i—j—i— i i r

Figure 3.1.2

4 5°
Angle of incidence 

A ir-g lass boundary

0° 4 5°
Angle o f incidence 

Gloss-oir boundary



3.1.3 Reflection At Normal Incidence
Although the solar radiation never reaches zero 

angle of incidence for the vertical transwall, this concept 
is very useful when experiments are performed ■ 
in laboratories or tests are carried out for inclined 
transwalls.

At normal incidence, there is no difference between 
the // and the _L polarization of the incident beam, 
see figure 3.f'2.&, hence

R =
f  m rH n z — n̂

" 2  + u

(3.1.3a)

From Snell’s lawj^ 3.1. 2 )
For air/glass interface R = 0.041 or 4.170

The glass refractive index for wavelengths less than 
the cut off values can no longer be defined by a refraction 
value alone (33). It has to be expressed as a complex 
number, n-ik, see 3.1. This change in the character
of the refractive index alters the expression defining 
the glass reflection. For radiation at normal incidence 
the latter is given by:

R = <n-l)2 + k* (3.1.3b)
(n+1 ) 2 + k2

Clearly, if k is large relative to n, then the value 
of R tends to one. In practice the reflection is found 
to have a wavelength dependence with maxima related 
through the above expression to changes in k, the extinction 
coefficient.



3.2 ABSORPTION OF RADIATION

Sometimes the terms absorption and extinction are
used synonymously. This is wrongj extinction is the broader 
term which includes attenuation by both absorption and 
scattering (9).

Extinction = Absorption + Scattering

3.2.1 Laws of Attenuation

a ) Bouguer-Lambert *s law
The attenuation of radiation passing through a

homogeneous, isotropic, semi- transparent medium, can
be expressed by the Bouguer - Lambert Law which states: 
"The proportion of incident light absorbed by a medium
is independent of its intensity, and that each successive 
unit layer of the medium absorbs an equal fraction of
the light passing through it."

IT (JJ) = (3.2.1a)

where Ic (jp is the intensity of the incident light,
IT (^) the intensity of the transmitted light, and c<^is the
monochromatic absorption coefficient.
b ) Beer1s Law

Beer's law is similar and applies to homogeneous 
absorbing materials.. It is concerned with- the varxation in 
concentration of the absorbing component rattier than 

variations in the thickness. Beer's Law states
that the intensity of light at thickness L of a layer
is:

IT ) = I. (j[) e 6 (3.2.1b)

where p  is the absorption coefficient for unit concentration



and C is the concentration. ^  is called the molecular 
absorption coefficient when C is expressed in kilogram 
molecular weights and L is in meters.

Whenever a change in concentration of the absorbing 
component (dye, soluble salt etc.) of a homogeneous material 
causes a change in p  the material is said not to obey 
Beer's Law. Apparent deviations from Beer's Law are 
associated with the formation, or break up, of molecular 
aggregates and other modifications of the absorbing 
molecules and the solvent. A homogeneous material is 
characterized by the way and ^  varies with wavelengths. 
To characterize heterogeneous (turbid) materials, the 
much more complicated theory of radiative transfer must 
be used (34).

When Beer's Law is stated with the common base 10 
instead of the Napierian base e 

M j )

yields another quantity, introduced by Bunsen, that is 
often used to express the absorption characteristics 
of a material (34). is called the molecular extinction
coefficient when C is in gram molecular weights per unit 
volume 6  ̂ and ^  are related according to the equation,

e l  = / V  u ^,oe
3.2.2 Optical Density

Optical density A^ is defined as the negative logarithm
to base 1 0 of the transmittance.

= l o g *  - log,, is =e^.C-L (3.2)
X lo

in other words, the optical density of a given substance 
in a solution is directly proportional to the concentration

= Io('i) • 10 (3.2.1c)



if L, the path length remains constant. 
The path length is defined by 
figure 3.2.2 and the following.

L = —COS01 or

x
[1-

3.3 TRANSMITTANCE THROUGH AN ABSORBING MEDIUM —
STOKES1 EQUATIONS

Solar radiation frequently has to pass through a 
transparent medium with air on each side, such as a 
window glazing. Consider now the flow path of one 
radiation vector as it undergoes 
multiple reflections at each 
interface and between interface 
absorption as shown in figure 3.3.
The attenuation is given by 
3.2.1a and the internal 
transmissivity,

Ta= 1 — = —r— = expC-knL)
i0 (3l>

r.elates to the incidence angle at interface 1 and ^ is 
the parallel, //, or perpendicular,1 , components corresponding 
to the incidence angle at interface 1 .

f, - f , t )  - h g T i  ll-g)' [l . ^  jdS , f>' ... ]

T -T(fj ,Ti) - ,,.T>  ...]

The terms within the square brackets constitute an infinite 
summation series.



'-f.3 f*s l i

(5 .5 a)

It follows that the total absorption, o^7 as a function 
of (j> ,n!a ) is given by:

*Cf <.fv(-JS
or

K trt.
The above expressions developed,* are particularly useful 
when the one surface of the material has an antireflection 
coating.
For uncoated material P  ~

The flux transmitted from one element to the next 
will be partly polarized even if the original beam was 
not. It is therefore necessary to process each component 
of polarisation separately' before combining the overall

value for the entire system. It is therefore incorrect 
to calculate an average for both components.

Table C.l4" shows this difference in the distribution 
of solar radiation for the transwall module used for 
various angles of incidence. Errors of up to 5 percent 
in the calculated ■ total transmittance in the transwall 
can result from this improper averaging.



3.4 GLASS SPECTRAL TRANSMISSION

Glass like most transparent media transmits selectively; 
that is, transmittance is a function of wavelength of
the incident radiation. 'clear* glass has some slight 
colourisation stemming from impurities (Fep3 ) in the 
batch of raw materials.

Using a Beckmann spectrophotometer, see Appendix 
the transmittance of a 6 mm specimen of Pilkington glass 
is given in figures 3.4a and b. This type of glass is
used as glazing in the solar test cell and to form the
transwall modules.

From the figures it can be seen that glass transmits
well in the visible spectrum, cutting off only that small
portion of the UV<^0.35 Jam and ^ 2 . 7  J*.m in the IR.

3.4.lGlass Spectral Reflection

The ' intensity of the reflection from an air glass 
interface depends on the glass refractive index, the 
angle of incidence of the light, and the polarisation
of the light. However, any spectral dependence of the 
reflection is solely associated with any change in the
refractive index with wavelengths. (See -3.1.3),

For normal window or container glass, the change in
the refractive index with wavelength is trivial( -table C&).

3.4.2 Glass Composition

The soda-lime-silica composition of glass is of primary 
importance. It is the basis of most flat glass
manufacture, albeit with secondary metal oxide additions 
for an improvement .in the glass durability and melting 
performance.



Glass is composed of:
Na2 0 13 to 177,, CaO 5 to 107,, SiOz 70 to 7370j by weight. 
The remaining weight . percentage is made up of various 
proportions of MgO, A1Z03, Fe203 , K20 and perhaps BaO (33).

3.4.3 Iron Oxide

Iron Oxide (Fe2 0 3 ) is the inevitable contaminant
of the industrial sand used in window glass manufacture. 
Fe2 03 impurities up to 0.157, by weight may be accepted 
in the final glass, but a lower tolerance value would 
normally be preferable. Cost considerations dictate 
acceptance closer to the higher iron oxide limit.

It was found by graphical means that for the glass 
used, made by Pilkington Brothers Limited, the iron oxide 
content is ^  0.117, by weight and this value was confirmed 
by (38) and its tolerance was <̂ ve.rv; 0.1087, min. , 0.1157, max.

Any effect associated with the iron oxide impurity 
of clear glass is not generally evident in normal viewing 
but is clearly evident from its green tinge when viewing 
along the glass edge.

3.4.4. Iron Oxide Optical Absorption in 
Soda-Lime-Silica Glass

Glass has minor absorption regions in the solar spectrum 
wavelengths, due primarily to iron impurities in the 
glass. Iron in soda lime silica glass is present as 
both ferrous (Fe1+ ) and ferric (Fei+ ) ions, each ionic 
form having its particular absorption spectra (33). 
Iron oxide imparts a green colour to glass with the 
particular hue ranging from blue green to yellow green 
in accordance with the range of ferrous ferric ratios
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from 0.5 to 0.3. The glass used has 7 5% ferrous and 
2570 ferric Fez03 content (38).

The absorption spectra of ferric iron are two weak 
absorption bands at .378 and .420 jŝ m, and the absorption 
due to ferrous iron is the well-known single broad deep 
absorption band centred at 1.1 j ^ m r (see graphs (3.<4*4a,b)) 
The peaky characteristics of figure 3.4.4b is due to

an increase in the instrument's sensitivity.
In addition to their visible absorption, both ferrous

and ferric iron introduce strong UV absorption. The effect
is to shift the glass optical cut-off to longer wavelengths,

that is to values nearer the visible region.

3.5 GLASS SOLAR HEAT TRANSMISSION,

The solar heat transmission of glass is determined 
by combining the solar distribution data In̂  , with the 
glass spectral transmission values T ’qn over a waveband.

= Z vvm («)
%

The total solar heat transmission of a glass includes 
a pox'Hon of solar heat absorbed by the glass

roc'rnwhich is re - radiated and convected to the 1 interior.
j&ovl >ovn

In the U.K. the; fraction^ is 0.31 for single glazing 
(33), and assumes still air conditions for the interior 
window glass surface but a wind velocity of 7 mph at 
the exterior surface.

Only a range of average values of the extinction 
coefficient of glass are usually quoted in the literature. 
This is mainly due to the complexity of glass composition, 
see 3.4.2, its high variability and uncertainty of the 
exact percentage proportions of its various constituents 
depending on the manufacturer, type of glass etc.

\Crft AiCk\<k so
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Paparsenos (3) using transmittance data for float
glass obtained from Pilkington for two glass thicknesses
solved a system of non-linear equations in order to produce
values for the extinction coefficient of glass. His

are
values were averaged over 8 and 1 2 wavebands and A used 
throughout in this thesis. This method though is uncertain 
because the convergence of the solution of the equations 
depends strongly on the first estimate, and the values 
obtained also depend on the glass thicknesses used.

Bamford (33) has found that the transmittance of a 
single glass plate varies appreciably even among plates 
made from the same lot of glass. The difference in 
surfeace structure will cause a further difference of + 1% and 

by another 1 1 % according to possible ferrous- ferric ratio 
variation between 0.3 and 0.5. Further variation is 
produced by dust, exposure to various chemical environments 
etc.

Thus for future analyses it is recommended to work 
in "transmittances" from direct measured data for a 
particular specimen and thickness of glass.

3.6 OPTICAL CONSTANTS OF WATER

Hale and Querry (39) have made a critical survey of 
the existing literature dealing with the optical properties 
of water at 25°C in the 0.2 to 200 JUm wavelength region 
and have attempted to select a set of best values. Using 
even more up to date experimental data (32) for the region 
0.7 to 2.1 j^m their tables were slightly improved, 
see Appendix C. This ’improved' table was used to 
average numerically the values of n(^ ) and k( ^ ) at 1 2  

different wavelength bands. See table C.3



Water is relatively transparent in the visible and 
near infrared. Thesa. short wavelengths can penetrate
many meters with little absorption, while the'near’infrared 
is absorbed in few centimeters. Water is virtually opaque 
to the longer wavelengths.

3.6.1 The Choice of a Heat Transfer Storage Fluid 
For The Transwall Application

Choosing a heat - transfer storage fluid other than
water is not cost effective,, in fact there is little
variance among a number of fluids tried by Burke et al.(41)
as solar absorbers. They found that Dixylylethane (DXE)
is the best solar absorber - storage fluid, - ? but
after preliminary thermal cycling tests, Therminol 6 6 was
judged to have best combination of thermal stability, 
availability and modest cost.

The cost of the solvents for a transwall system is
prohibitively high. A 0.6m x 1.2m x .157m module requires
~ 1 1 3  litres or 25 gallons of solvent. At 1979 prices
Therminol 6 6 cost $ 8 per gallon. This means a cost of
$ 2 0 0  for the solvent itself per transwall module!

3.7 ABSORPTION CHARACTERISTICS OF VARIOUS DYES
An ideal solar absorber should not only have large

extinction coefficients for its absorption peaks, but 
more importantly it should have a non zero extinction
coefficient at all high - intensity solar spectral
wavelengths.

It has been found (41) that dark blue and purple coloured 
dyes are much more efficient solar absorbers than the 
orange ferocene compounds or the yellow cobalt complex.



The -selection* though, of a suitable colour of dye for 
transwall application depends strongly on the occupants 
preference so that psychological factors are likely to

gives an illusion of cooling and in Winter rose suggests 
warmth and flatters skin tone. Conversely, green produces 
a sickly effect and is best avoided. If plants are to 
be grown in the transmitted light through transwalls 
then the wavebands essential for plant growth must be 
subject to mi-nimum absorption. In effect this means 
that the transwall dye will be magenta in colour and 
this is described in more detail later.

The dyes used in the present study were water soluble 
and supplied by ICI, they were:

Name of dye molecular Colour Characteristics

dominate the choice. For example, in Summer pale blue

weight

Lissamine Red B 526 pink-red - it fades
-it mixes easily

526
(524 )A

pink-red - more awkward 
to mix 

-slight fade

Nylamine Red B 3B 526 pink-red -substantial fade

Copper Chloride 170.5 light blue -bad absorber
- slightly toxic

Methyl Orange 

Carbolan Rubine 2B {*)

327.3 yellow

721 red - - hard to mix
purp1 e - ve ry s1 ight

fade if any

Acid Green B 1015 green

Table 3.7. < t>ee jp>. 65



Basic dyes were avoided since they are not colour fast 
and they tend to plate the surface.

A preliminary screening test was made to determine
the dye fastness after 2 months exposed to solar radiation 
from this test Lissamine Red B and Nylamine Red B 3B 
were rejected. With spectroscopy techniques it was found 
that copper chloride is not an adequate absorber and 
is also toxic. From table 3.7 the dyes marked by (*) 
were selected for further. examination.

Recent recalculation from ICI (40) gives slightly 
different values for the molecular weights for Lissamine 
Red 3 GX and Car.bolan Rubine (as free acid).

3.7.1 Beer1s Law Check
As it was mentioned in 3.2.1b, a homogeneous material 

is said to obey Beer's law if the absorption coefficient 
remains constant with concentrations.

Beer's law was -checked using Methyl Orange for 5 
different strengths of solution, for the 2 spot values 
of 1 extracted from figure 3.7.1, See table 3.7.1

X
-  O- 400 y  ^ }  0-475 ^

w  s
U-<]

y  itffcfen
1  h

A} */. AJfU/cwce

5 0.173 1.132 x 10* - 0.9 0.297 1.944 x 10* 6.8
10 0.349 1.142 0 0.557 1.823 0
20
3 0
40

0.677 
\ '0 0 5
1.445

1.108 
1 • 0 9 6
1.182 //

- 3.0- 4-0
3.5

1.070 1.751 * l'Sas 1-73.5 " 
uncertain

- 3.9 
-4-9

50 1.673 1.076 tt - 5.8

Table 3.7.1

The peaky region in figure 3.7.1 for 40 and 50 ppm
theis not due to scattering effects but due to k machine' s 

calibration. From the above it is safe to say that Beer's



law is obeyed for strengths of solutions relevant to 
transwall applications,ie. 5 to 50 ppm.

From table 3.7.1 it can also be seen that the accuracy 
in determining the extinction coefficient of a dye is 
in the order of 7%. This is primarily due to slight 
inaccuracy in weighing the dye before diluting it, also 
because of incomplete dilution of dye in water and finally 
because of scattering effects in the cells where the 
solution is tested and within the solution itself.

3.7.2 Results — Conclusions

Since the optical density of the water dye solution 
is the product of the fluid thickness and dye concentration, 
the ciesi red'll: value of 'absorptance1, A ^ ( x , c )  for each
fluid layer can be reached by varying either. A computing 
program was written taking into the account the attenuation 
of light as it passes through the glass. The evaluation 
of the dye as a solar energy absorber was made according 
to the relationship.

where =spectral transmission of glass, Id=total diffuse
radiation for air mass 2 , Ib = total beam radiation for 
air mass 2 . Fd  ̂= spectral fraction of diffuse radiation, 
F<ty= spectral fraction of beam radiation.

Aj.w (x,c) is the fraction of the solar energy absorbed 
by the dye in a slab of thickness x and concentration C , 
averaged over the solar spectrum of air mass 2 . 6  ̂ is
the absorption coefficient of the water dye solution.

+ lb- FfcJ



The Qp.tr i cal absorption characteristics of various 
dyes over water was investigated for the case of the 
transwall. The solar absorption of the dyes of various 
concentrations in a fixed fluid layer were calculated. 
Among the dyes tested methyl orange is found to be a 
better absorber of solar radiation for moderate concentrations 
( < 1 1  ppm) and acid green for concentrations ^ > 1 1 ppm, 
see figure 3.7.2a

The effect of various strengths of solutions for four 
dyes is shown in figure 3.7.2b & c.

3.7.3 Dye Selection for Glass-house Transwalls

It has been shown that the transwall system can reduce
the energy cosis I;. ; of a horticultural glasshouse
by 20 to 25%, ref. (29). For this purpose a dye must be 
chosen that transmits radiation in the wavebands necessary
for plant growth. This requirement will apply of course
to any situation in which plants are grown in the shade
of transwalls e.g. conservatories. In the range where
plants absorb best (widely separated bands in the violet
and in the red), the ^nono cKro^^ti c ivrad ranee is reduced.
In fact the most important wavebands for growth are:
.39 to .47 Jatci (peaks at .425 to .46 ^m) and
.61 to .69 y*m (peaks at .635 to .67^Um), though it must 
be added that plants have requirements in other 
wavelengths (42). Therefore a dye must be found which 
should absorb less in the above mentioned regions and 
absorb strongly in the "wasted" green and yellow regions 
of the spectrum mainly in the region of .47 to . 505 IW
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transwall.

40 ppmMethyl Orange 
 .Carbolan Rubine 40 ppm

. Acid Green 40 ppm

•H

•H

( k m)W a v e l e n g t h 9

Figure 3.7.1b Absorption characteristics of dyes at the 
same strength of solution.
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IC should be remembered that colour is c h a r a c teristic

of the eye and is in itself of no significance to plants.

From table 3.7.3 below it can be seen that the worst 
candidate for a dye in glasshouses, or in houses where there 
are plants, is niethyl orange and the second worst is acid 

green as it was expected. Lissamine red and carbolan
rubine seem to be the best, for this duty. Carbolan rubine 
though, should be preferred because of its higher total
absorptance,see figure 3.7.2c.

It was found that the addition of some Lissamine red
in a carbolan rubine water mixture will be beneficial
for plant growth since it will absorb less in the regions
0.39 to 0.43 Jn.m and 0.61 to 0.63J^m.. it is suggested a

mixture of 4  rubine : 1 red by volume is ideal.

Table 3.7.3

Colour Carbolan Methyl Lissamine Acid
rubine orange red green

Violet 10. 870 26.7% 1 1 .0 % 6^<N00CM

Blue 16.2 25.4 22.7 15.7
Green 60.4 43.9 61.2 26.0
Yellow 7.5 0 . 0 2.4 8 . 6
Orange 1.5 0 . 0 0.07 14.7

Table 3.7.3 shows the percentage ,fabsorptanceM of four 
dyes in different colour regions in the spectrum.
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CHAPTER 4

THE LUMPED SYSTEM APPROACH

4.0 Introduction

The ultimate .objective of the transwall programme 
is to develop and validate a computer program which will 
predict the performance of a transwall module using finite 
differences and effective conductivity to simulate the 
complex circulation patterns within the transwall. It 
is believed that this is the best compromise between 
Paparsenos' fundamental approach (3) with its excessive 
(mainframe) running time and, on the other hand, a single 
one-dimensional lumped system approach, i.e. the assumption 
of infinite thermal conductivity within the transwall.

It is recognised that the lumped system approach has 
several fundamental disadvantages. Clearly, it is at 
its best when there is vigorous circulation within the
t r a n s w a l l  when first.receiving insolation. Conversely this 
approach should be least accurate when stratification 
and/or the absence of insolation inhibits water circulation. 
Further, this treatment canot be used to predict the
effects of varying the circulation to enhance performance, 
by additives or baffles (1 2 ) or to show the effect of
replacing the normal glass walls with special solar glasses. 
It should also be recognised that ; in order* to maintain 
the simplicity of this approach, its main advantage,
the theory incorporates some substantial approximations. 
Despite these drawbacks the simplicity of the lumped
system treatment is attractive and this chapter is devoted 
to comparing experimental temperatures with those predicted 
by this treatment. ‘



In the first part of this chapter the lumped system 
equation for the incremental rise in the uniform temperature 
of the transwall is developed. Clearly, a key element 
in the equation is the radiation absorbed by the transwall. 
This in turn requires the development of a relatively 
simple one-dimensional treatment of reflected rays passing 
through a multi— slab system which involves the application

of the basic equations. A much more elaborate two 
dimensional approach to the absorption of radiation, 
appropriate to a finite difference solution, is given 
in Chapter 5.

The diffuse radiation measured has to be incorporated 
into the lumped system temperature equation and the 
methodology of this is then considered. Associated with 
this is the way in which diffuse radiation reflected 
from the ground is taken into account and the measurements 
made to determine the reflectance.

The chapter now turns to the actual measurements 
associated with the transwalls' performance. The
measurement of radiation by the Kipp and Zonen solarimeters 
is described together with an appraisal of the various 
correction factors. Details of the solar test cell are 
given followed by a description of the method by which 
temperatures are measured in, and on, the transwall. 
The variation of measured transwall temperatures with 
time are shown superimposed upon the predicted uniform 
temperature using the lumped system approach. The factors 
governing the accuracy of the lumped system analysis 
are considered and speculations made regarding the curious 
temperature distributions revealed within the transwall.



4.1 TREATMENT OF THE TRANSWALL

The accurate prediction of the temperature profiles 
within a transwall, and its associated heat transfer,

so that the first few millimeters of water adjacent to 
the front glass becomes heated and sets up a circulation 
pattern which is modified by thermal statification. 
Varying absorption in the remaining fluid, and the back 
glass, adds to the circulation drive producing complex 
3-D patterns. Heat transfer is thus dominated by convective 
phenomena which has the effect of producing a high effective 
conductivity, i.e. the internal heat transfer is the 
same as that of a static system with a high thermal 
conductivity.

A lumped system obviously requires that the temperature 
of the system is uniform, i.e. the glass, water, contents 
are at one temperature, T , and horizontal and vertical 
temperature gradients are ignored. The one dimensional 
nature of the system does not permit any variation of 
the heat transfer coefficients, transwall to surroundings, 
but the heat transfer on the glass side and the room 
side are allowed to differ from each other.

Letting
T^ = uniform mean temperature

is complex. Water absorbs strongly in the + 4 ^  region

me = thermal capacity of the
transwall per meter square 

St = elemental time change

Tr = J;est - cell temperature
(I©c) = radiation absorbed/m1 wall
h ,h = outer and inner surface a J r

overall heat transfer 
coefficients

of the transwall

R O O M

v* W  ce\\



The air gap temperature T and the room temperature 
are fairly similar and any difference is accounted 

for by the linear relation.

T - T = K- (T - T  ) w a w r (1)

where K is a constant over the time integral 0 to t . 
An energy balance gives

(loc) - h (T — T ) + h ( T - T )  a w a r w r _ me•ST 
St

w (2 )

Assuming that the test cell temperatures remain constant 
over the time interval considered, then

S T „  = S ( T - T )w w r (3

Substitute (1) and (3) in (2)

(I « ) - h * K- (T - T ) + h (T - T ) a w r r w r = me - s(Tw - V
% t

Rearranging and take to limit

d (T - T ) w r
(I<x) ~ ( T - T  ) h w r

dt
me

where h = ha* K + h

integrate between time t = 0 , t = t

me
dt =

wl d (T - T )iv r

Tw 0 (IO<)' h(T” - V

or

t = me In (IoO - h* (T — T w r
wl

TwO
K is assovnei c o n s ta t  \V  , i oei

w\ facX oscill&ta , see



then

wl T + r
(I * ) a ) (T n -T )   —  wO r • exp( ‘Sc‘ (4.1a)

where Tw q and Tw  ̂ are the transwall temperatures before 
and after a time interval, t. It is usual to treat the
system on a unit area basis, i.e. (I*<X ) is per square
meter frontal area. However, if the heat loss from the
short sides is to be taken into account the equation
can be modified by incorporating two areas and

which represent respectively the area of the receiving 
face and the area of the receiving face plus part (i/*) of 
short sides4. me is now the thermal capacity of the transwall

The equation then becomes

A1 (I oc )
T i = T + — 1-----
Ml r A2h

A 1 (I-c* )
A y  • h
k ^

-(T„0 " Tr) • expj -
(4.1b)

4.2 THERMAL CAPACITY OF THE TRANSWALL MODULE, me

The thermal capacity of the transwall module/m2 is 
the product of the transwall mass and its specific heat 
capacity. Neglecting the thermal capacity of the module 
frame, and the thermocouple support frame, the transwall 
module consists of three materials, namely glass, water, 
polystyrene (used as cover top). Their properties are



listed in table 4.2 below. The volume and hence the 
thermal mass, . of the individual parts constituting a 
transwall module are:

Total volume of glass in transwall module = 1. 879 x 10**2 m3

Total volume of polystyrene cover = 7.77 x 10” 3 m3

Total volume of water in transwall module = 9.83 x 10-2 m3

(me)glass = density x volume x specific heat capacity =
= 3.54 x 104 J/K

(mc)pol. = 2 . 0 2  x 1 0 ! J/K

m̂c ̂ water = 4.10 x 105 J/K at 25°C

(rac)Wall = (me) . + (me) nwater glass + (mc)pol

- 4.46 x 105 J/K

TABLE 4.2

THERMAL PROPERTIES OF THE MATERIALS USED

Thermal conductivity 

W/m- K
Property

Material

clear float 
glass
polystyrene (*)

water (still)(0 ) 
15°C 
20°C 
25°C 
30°C 
35°C 
40°C

1.05 (#) 

0.048

0.595
0.603
0.611
0.618
0.625
0.632

Specific heat 
capacity

J/Kg-K

750 (Y)

1330

4186
4183
4181
4179
4178
4179

Density

Kg/m3

2515 (#) 

20

999.0 
998.2
997.1 
995.6 
994.0
992.2

(#) Duffie arid Beckman (4) , (*) Paparsenos (3)
(Y) Clarke (30) . (<£) Mayhew and Rogers -therm, tables



4.3 ONE-DIMENSIONAL ABSORPTION OF RADIATION

In this section the equations developed in section
4.1 are applied to establish a one-dimensional algorithm 
for the absorption of radiation, (I<*) of equation 4.1b, 
in the transwall. However, the system developed has 
a more general application.

4.3.1 1 — D Ray Tracing Technique With Infinite Internal

Reflections Between The Sub-systems

The transwall module can be considered as a transparent 
system made of 3 transparent elements with 4 interfaces, 
1 to 4(f«o).The history of one radiation vector as it 
undergoes multiple reflections at each interface and 
between the interfaces is as follows. Some portion of
the radiation impinging on interface 1 is transmitted 
through to the adjacent transparent element with some
fraction being subsequently retransmitted back across 
the common interface 2 . If the interface reflectances

VJ > Vlv v\
are known then it is possible to processf^the second element 
independently by treating the onward transmitted flux 
from element 1 as the initial incident flux on element 
2. In this way, the process can continue for one forward 
pass through the multi-layered construction until all 
elements have been considered. The flux transmitted 
from one element to the next will be partly polarized 
even if the original beam was not. It is therefore 
necessary to process each component of polarisation 
separately before combining the overall value for the 
entire system. If the combining is done initially, errors



of up to 1.3 7o may occur for angles of incidence up to 
75° as shown .in table C.l (Appendix C). It should be 
noted that errors of 18 percent for greater angles of 
incidence in the calculated transmittance of a pane of 
glass can result from this improper, averaging as indicated 
by Kreith and Kreider (5).

This is not the end of the process, however, since
t

each element will reflect flux back to the element from
wh£ch it initially received the shortwave energy. It is 

*».* * ' ^therefore possible to establish an algorithm to transmit
a single flux package from one transparent element to
the other as calculation 'sweeps' are made in alternating
directions until the flux quantities diminish in magnitude
below some predetermined level. In this way the total
absorption of each element can be determined as well
as the- total transmissivity of the combined system.

The equations for an infinite number of reflections in 
*

3.3 a r'e ""modified slightly in order to form the algorithm.

T1

where i is the element number.

where p is the air/glass reflectivity
pk is the glass/water reflectivity 

is the glass tranmissivityO



R.1
A.

is Che water transmissivity 
is the transmittance of element 1 

is the reflectance of element i 
is the absorptance of element 1

is the radiation incident on interface 1 , see 
figure below.

interface 1

Ij

Figure 4.3.1

If shortwave radiation is simultaneously impinging
on interface 4 (receiving internal reflections from
surrounding surfaces i.e. room reflected radiation),
then further absorption of the second beam 1^ will occur
The above expressions are then applied with 1^ = 1^ and
the total absorption obtained by summing the component
absorptions of each individual beam. The idea of backwards
radiation and its treatment is discussed in the next

■*-chapter. In the lump system calculation the accuracy
of the analyses does not justify the extra complication
involved by treating the small amount of room radiation
incident on the transwall using an infinite number of
internal reflections. To account for the room radiation
the simpler approach of one ̂ reflection per surface> technique
was used.
+
t>. U5



4.3.2 A Closed Formula Example For The 1 — D Ray
Tracing Technique

The development of a closed formula example of the 
1- D ray tracing technique with!infinite number of internal 
reflections is presented for the calculation of the total 
reflectance, transmittance and absorptance of the system 
of figure 4.3.1. It is for one direction of the incoming 
radiation (i.e. radiation from the room is not treated in 
the same manner). These equations were used to compare 
numerically the difference in the infinite reflected 
ray tracing technique with the much more simpler approach 
of considering only one reflection of the primary ray 
as it passes through the different media, see figure

Figure 4.3.2

The sub-systems are defined as
1 front glass, 2 water, 3 rear glassr
where R, T and A are the reflectance, transmittance 
and absorptance of the sub-systems. The forward direction

is defined as the direction from the outside ambient 
air to water. The subscripts f and k denote the forward 
and backward direction. Below are presented the equations 
useful in obtaining the total reflectance and total 
transmittance of the system as well' as the equations 
to calculate the individual absorptances.



u c .

Forward Direction, sub system 1, from interface 1
a b

R1 = p +
1 - Pa Pb’Tg

T1 - V (1- P a )-(1- P b )
1 - Pa*fb'T g

* 2.

A1 = (1- p_)Pa
1-  r  -  + *rg g ‘Pb + V l ° b

^ P a  Pbx

Forward direction, sub system 2, from interface 2 

R2 - Tl- L Pb-ti-pb)2- ŵ

x-pb •t2w

(1 -
T2 = Tl f b> • w

1 - pL*t2fb w 

r
A2 = Tl * ^(1- p, )P b j’

1 - r -'X.2 _w w rb w+ 'C Pb
1 - p I t 2Pb w

Forward direction, sub system 3, from interface 3

R3 = T2 • Pb +
• ( 1 -  P u )2 . tPa Pb g

Pa' Pb' g

T3 = T2-T1

A3 = T2* (1- p, ).fb
l - n c -  r2 po + g g ia xg p<
1 -  pa pb *g

3 4

3

4



Backward direction, sub system 1, from interface 2 —>• 1
a b

Rlb= R2 R3
T2

Tl.b = R2-T1

Alb = R2 A3
T2

I 2. 3 4

Backward direction, sub system 2, from interface 3 2

R2R2b = R3 •

T2b = R3 .

A2b = R3 .

Tl

T2
Tl

A2
Tl

 )«■

Backward direction, sub system 1, from interface 2 ->*1

R3
R1i

T1i,

A 1 t,

T2, .b T2

T2b- Tl

T2, * b
A3
T2

r e

Forward direction, sub system 3, from interface 3 —*-4

R3R3f = R2b
T2

A3. =

R2, * Tl b

R2b‘
A3
T2

f** —



Forward direction, sub system 2, from interface 2 —>*3
cl b a

R2f = R1b •

T2f = R1b •

A 2 f = Rlb *

R2
Tl

T2
Tl

T2
Tl

3 4

Forward direction, sub system 3, from interface 3 —>*4

T3£ = T2f•Tl

A 3 £  = T2f

Hence

A3
T2

*--- •y

Total reflectance R1 + Tlb + Tlb

Total transmittance T3 + T3. + T31 f f

Total front glass absorptance A1 + Alb + A2b

Total water absorptance A2 + A2b + A2^

Total rear glass absorptance A3 + A3f + A3£



4.3.3 Comparison of the Infinite Reflections With The
Simple One Reflection Technique "-Numerical Example

Assuming the same conditions as in the example of
Appendix F p a = 0.066 and jô  = 0.005, and considering
for simplicity an overall extinction coefficient for
glass and water the following transmittances were obtained
*X = 0.685, qr = 0.59, (incident radiation = 1*00).& w
Using the above information for the rays shown in figure
4.3.2, and the equations developed above for an infinite
number of internal reflections, the two methods were
compared. The results and the percentage error ̂ adopting
the simpler approach are shown in table 4 .3 . 3  below.

TABLE 4.3.3
total total front gl. water rear glass amount of
reflectance transmit. a b s o r p t a n c e  energy considered

A + T + R
simple 7.363 23.910 29.586 26.651 12.304 99.814
inf. (oo) 7.391 23.690 29.828 26.600 12.192 99.701
7o +0.38 -0.93 +0.81 -0.19 -0.92 100.000
From the above table it can be seen that the errors involved 
are less than 17ov so this method^be used only when great 
accuracy is required.
4.4 DIFFUSE RADIATION FROM THE SKY

The contribution of diffuse radiation to ,the fractional 
energy in the various wavebands has been considered in 
Chapters 2 and 3, and it is now necessary to consider
how to incorporate the diffuse radiation measured by
the' solarimeters into the (I<x) term of the lumped system.
The performance of an optical system depends on the relative
magnitude of the intensity in all directions of the
incoming diffuse radiation. The distribution of this
incident diffuse radiation depends in turn on the
distribution of the sky diffuse radiation intensity



over the sky dome. This’ distribution is' not uniform 
and varies with the sky conditions. The intensity of
sky diffuse radiation can be mapped by a radiometer scanning 
the sky dome, though it can take several minutes during
which time the sky conditions may change substantially. The 
distribution of sky diffuse radiation is uneven for clear 
skies with a strong dependance on the zenith position of the 
sun. Maximum intensities occur near the sun and, to 
a lesser extent, near to the horizon. The former is called

circumsolar radiation and is caused by strong forward
scattering of the aerosol particles the extent of which 
depends on the atmospheric turbidity and the zenith angle 
of the sun. The latter is called horizon brightening 
and results from the scattering by a larger air mass
viewed by an observer in that direction. Various models
have been developed to determine the diffuse radiation 
falling on a surface given the diffuse radiation oh the
horizontal. The .only model considered here is the 
isotropic. .

4.4.1 Isotropic Model

This is the most common model used and assumes the
diffuse radiation is uniform over the sky dome. The
radiation falling on an inclined surface 1  ̂ can be related 
to that measured by the solar test cell solarimeter,
Isd5 by the well known configuration factor

Results of numerical simulations, presented by Dave



(51), and Iqbal (6 ), showed that the isotropic distribution 
model for the sky radiation systematically underestimates 
the diffuse energy contribution to the sun facing planes.

It is recognised that anisotropic models such as 
Klucher ’ s(4«)and Hay’sMfor diffuse radiation can give more 
accurate values but the adoption of these models requires 
a reassessment of the effective angle of incidence for 
diffuse radiation. In order to use the values given 
by Brandemuehl and Beckman (43) it was decided to use 
the widely adopted isotropic model.

4.4.2 Ground*— Reflected Diffuse Radiation On An

The diffuse radiation striking the transwall does 
not all come directly from the sky dome. Some is reflected 
from the ground and its treatment is now considered.

Consider a plane inclined at an angle J from the 
horizontal.

Figure 4.4.2 Radiation falling on an inclined surface

Inclined Surface

DIFFUSE 
V \ , /

(*) The word "ground" here means a composite of all 
earth’s surface that the inclined plane "sees".



The radiation arriving on the ground is composed of 
both beam and diffuse components. Depending on the earth's 
cover. the albedos for beam and diffuse radiation 
and respectivley may not be identical. The radiation 
reflected by the ground cover into an inclined plane 
can be written as follows:

rdg = 'Vfb + Vfd> • k'a -cosp
There is uncertainty though over the spectrum of the 

diffuse radiation from the ground and this matter requires 
proper investigation.

4.4.3 Ground Reflectance

Under clear and cloudles skies global radiation is 
composed primarily of direct radiation. When the ground 
is covered with a layer of water, or with plants having 
glossy leaves, the reflection of such radiation is usually 
anisotropic. Iqbal (6 ) found that there is very little 
difference between the isotropic and the anisotropic 
ground reflected radiation. Anisotropy of the ground 
reflected radiation is large when the sun is near the 
horizon. Paltridge et al. (49) present curves relating
reflectance and solar altitude for different surfaces, and 
from these curves the following equation was developed 
for the ground reflectance

fbgr = fgr + <l-fs >-exp[-0.1-(90-in]

where &  is the altitude angle in degrees and the
surface reflectivity.

The above expression covers all common ground covers 
and the surface ref Lectivi-ty, p , is obtained from



standard tables such as the one provided by Iqbal (6 ).
The reflectance also varies with wavelength. Except 

for ice, snow and water all surfaces exhibit low values 
for p  in the visible wavelengths and a rapid increase 
for wavelengths beyond 0.7 Because of the lack of
information in the literature concerning this variation 
of reflectance, and because other uncertainties involved 
in measuring and modelling diffuse radiation, the dependance 
of p with wavelength was ignored in the analyses of the 
lumped system thermal modelling, and in the 2 - D  absorption 
modelling of the transwall.

The surface immediately outside the test cell at 
MERA, see photograph 1 , is weathered asphalt with white
stones. Half square meter areas were picked at random
and the number and the size of stones were measured. 
The reflectivity of weathered asphalt is 0.18 and of 
white marble is 0.56 from Iqbal (6 ). This sampling gave 
an average ground reflectance, p g, of 0 . 2  which is a 
fairly typical value for general ground conditions.

The ground reflectance was also confirmed by measurement. 
It was measured by two back to back silicon cells mounted 
in a horizontal position 1 meter above the ground. The 
cell facing the sky measures the global incident solar 
radiation and the one facing the ground the reflected
energy (reflectance is the ratio of the reflected to 
the incident energy). Average values of such measurements 
were taken under overcast conditions so the measured 
ground reflectance corresponds to diffuse reflectance, 
p^. Very good agreement was achieved by the direct 
measurement method and the "area sample" method.

Note jpground “ jpdiffuse



4.4.4 Transmission of Diffuse Radiation

In order to calculate the attenuation of radiation 
it is essential to know the path length. This in turn 
requires the slab thickness and incidence angle. The
latter is generally known for beam radiation, but obviously
diffuse radiation poses a problem. If isotropic diffuse 
radiation is assumed then it is possible, if tedious, 
to sum the radiation over all angles. The presentation 
of the results can be simplified by defining an equivalent 
angle for beam radiation that gives the same transmittance 
as for diffuse radiation.

Brandemuehl and Beckman (43) presented their results 
in graphical form for the effective beam radiation 
incidence ang leavers us the slope of the plane for diffuse 
radiation from the sky and from the ground. Two best
fit equations for each case were also available. For 
a vertical surface as in the case of the transwall under 
investigation.

A g r o u n d  = 60° ’ and <f>sky = 59°

From Brandemuehl1 s plot it was noted that the variation 
of the sky diffuse effective angle of incidence with 
the inclination of the receiving surface is very small,
namely 59.5° to 57°, and this confirms the rule that 
"for sky diffuse radiation the incidence angle is 58° 
irrespective of the surface slope".
For ground diffuse,*^, they suggest

T g r o u n d  = 90‘-0.5788j - 0.002693

where J is the collector slope in degrees.

The angles of ^ ^ g r0und = anc* 'ty^sky = -^° comPare



very well with that suggested by Hottel and Woertz (46) 
for hemispherical isotropic diffuse radiation, 58°, and 
with Paparsenos1 (3) for isotropic sky diffuse radiation
and with two different models of anisotropic diffuse 
radiation, 60° to 63°. Clarke (30) though suggests a 
much lower incidence angle, 51°, for anisotropic sky 
conditions. In the present analysis a compromise of 
the above available values was made and a value of 62° 
seemed to be more appropriate for the test conditions 
at M.E.R.A. This value was further confirmed by the 
findings of Seah (44).

4.5 MEASUREMENT OF SOLAR RADIATION

The direct and diffuse components of the irradiance 
in the plane of the collector aperture are required. 
Global solar radiation on a horizontal plane was measured 
using a Kipp and Zonen CM5 solarimeter placed on the 
right top corner of the test cell. Global solar radiation 
incident on a vertical parallel plane behind the glazing 
was determined by a Kipp and Zonen CM3 solarimeter 
positioned directly above the transwall module, while 
the diffuse solar radiation falling on the horizontal 
surface was measured by a Kipp and Zonen CM5 shade ring 
solarimeter mounted on the left top corner of the test 
cell, see photograph The three solarimeters were
connected to a programable logger, a Solatron Orion System, 
normally programed to take measurements every 30 seconds 
and set to print the standard deviation and average 
radiation over every 15 minute period. The measured 
global, I i, and diffuse, 1^, solar radiation on a
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horizontal surface, gave the direct solar radiation from 
the following relation:

where the solar altitude angle oc is obtained as described 
in Appendix A. The solarimeters were calibrated at the 
Met. Office, Bracknell recently.

4.5.1 Solarimeter Corrections

i) Cosine effect

The solarimeters are required to be corrected for 
the angular dependence of absorptance of their sensing 
elements. This is the well known "cosine effect" and 
a correction is required for incidence angles greater 
than 65°. The cosine effect varies with the ratio of 
direct radiation to diffuse radiation, and this effect 
is more pronounced when this ratio is high. McGregor 
(50) examined in detail the cosine behaviour in Kipp 
and Zonen CM5 solarimeters and from his curves the following 
relation was developed

Sensitivity of global solarimeter, SG, is

where 0  is the angle of incidence in degrees.
Another correction that was applied to both solarimeters 

(global and diffuse) is a temperature correction i.e. 
(-0.15% in sensi tivity/°C from 10°C). Therefore the 
true radiation will be:

SG = 1.0019 -5.35 x lO' 4 • 6

Imeasured x Calibration in W/mItrue ~ [l—  0.0015 • (T — 10)]



(ii) Shade Ring Correction

The measurement of diffuse sky radiation was accomplished 
by means of a Kipp and Zonen CM5 solarimeter fitted with 
a shading ring to shield the receiver from the direct 
solar beam. The ring, which cast a shadow of projected 
width somewhat larger than the solarimeter sensor in 
order to cover the dome, is mounted on a polar axis so 
as to obscure the entire diurnal path of the sun. 
Adjustments are necessary every few days to allow for 
changing solar declinations. The shade ring used has 
the form of an adjustable circular metal strip 50 mm 
width of radius 177.5 mm.

The shade ring obscures not only the sun but also 
an area of the sky too large to be ignored, so the measured 
values must be corrected to compensate for the sky radiation 
cut off by the ring. The fraction, X, blocked by the 
ring is given by the Drummond semi-empirical equation (s)

X = cosS *

where br and rr are the width and radius of the shade 
ring, and *6 , a, and <j> are the solar declination, azimuth 
at sunrise and latitude respectively.
The above equation is only a geometric correction. For 
isotropic sky conditions the correction factor, CF, to 
be applied is

The correction factor for the shade ring used for 
the latitude of Glasgow is shown in figure 4.5.1 as it 
varies with time of the year.

( #Tf . a ). sin<£. sinb + coscf • cos*b * sina 
180* 1
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Figure 4.5.1 Correction factors for the shade ring
used to account for shading of the detector 
from diffuse radiation.

A maximum CF, of 1.184 — 1.187 occurs in the period 16 May to 
20 August, and a minimum CF of 1.018 —  1.015 for the 
4 December to 5 January.

Le Baron et al. (52) studied the effects of the
reflectance of the inner surface of the shade ring and 
found that the Drummond equation slightly (~ 5 percent) 
underestimates the loss of scattered irradiance for a 
black matt innner surface.

As it was stated earlier Drummond's equation assumes 
that the diffuse radiation received is uniform over the
sky dome. However, even with overcast skies this assumption
is incorrect and Drummond recommended an additional 
correction to account for the anisotropic sky, so that 
the final correction factors are:

CF 1 = CF + 0.07 (cloudless sky)
CF 1 = CF + 0.03 (overcast sky)
CF' = CF + 0.04 (partly cloudy sky)

A\) tKov’̂ v&Ws



This total correction was investigated at M.E.R.A. 
for the shade ring described above against the simple 
isotropic correction factor, CF, and it was found that 
an additional correction of about 5% was required for 
clear skies and no additional correction for overcast 
and partly cloudy skies. My disagreement in adopting 
an additional correction factor for anisotropic sky 
radiation for overcast and partly cloudy skies is 
due mainly to the fact the Drummond carried out his 
investigations with an Eppley shade ring of different 
dimensions and at a different site. The above findings 
were also confirmed by Schuepp (53) who also realised 
that an additional corrrection of 6 to 9 % was required 
for clear skies and no additional correction for overcast 
skies.

McWilliam's (54) tests using Kipp and Zonen instruments 
in Eire suggested an anisotropic correction, CF”, given 
by

CFM = 1.1578-0.1548

where 1^ = diffuse radiation uncorrected for anisotropic
sky but geometrically for isotropic sky 

I = global radiation on horizontal
S = declination in degrees

Applicable for altitude angles greater than 10°C.

The corrected diffuse radiation (anisotropic) = CF” *!^

The results of McWilliam’s work showed that diffuse 
radiation, geometrically corrected for isotropic sky 
conditions, showed an underestimate of 6% on average, 
though l/6 th of all results showed an underestimation 
of more than 15%.
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Photograph 1 Typical ground surface outside test cell.
Photograph 2 Shade ring solarimeter. Measures diffuse radiation.
Photograph 3 Thermocouple water temperature measuring system.

R.S. silicon cell components.



From the above, it seems very difficult to develop 
a single accurate unified treatment of this subject. 
In the analyses presented in this thesis, the widely
accepted Drummond's equation was used with only an extra 
correction for clear skies.

(iii) Tilt Effect

Solarimeters are calibrated in a horizontal upward 
direction, and when mounted in an inclined or downward
direction they may show a small change in response.
This change occurs mainly because of a change in the 
heat transfer pattern inside and outside the hemispherical 
glass dome. McGregor (50) found that for a Kipp and 
Zonen CM3 and CM5 instruments there is a reduction of
only 2 % in sensitivity when the solarimeter is rotated 
to the vertical. This correction was applied for the 
vertical solarimeter above the transwall module.

4.6 DESCRIPTION OF THE TEST CELL

The test cell is shown in photographs 4&5,and figure 
4.6. The glazed area, 1.62 m x 1.75 m of 6 mm glass, 
faces due .south as a typical passive solar system in 
the Northern hemisphere requires. During the night or 
the non-operating hours the glazing area is covered entirely 
with an insulating cover made of three sections, for 
convenience^ of 50 mm thick expanded polystyrene block 
faced with Dural sheet for protection.

The external walls, roof and floor are constructed
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The test cell at M.E.R.A. without the covers

with the covers on
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from 1 0 0 x 1 2 mm tongued - and - grooved planking treated 
with preservatives which gives a medium brown appearance. 
The interior walls are not lined but they have proved 
to be relatively wind tight. The roof is covered by 
standard bitumen sheeting and the interior wall is formed 
from 15 mm chipboard. The whole test cell is bolted 
onto a welded steel framework of 100 x 50 mm channel 
iron with 75 mm x 37 mm channel cross members pitched 
at 600 mm. The whole framework can be levelled by four 
large jacking screws at each corner. The framework which 
carries the transwall, or transwalls, is made from 
Handy angle so arranged that the transwall load is taken 
through to the steel framework.

The test' cell in unequally divided by the interior 
wall to give access to the logger without disturbing 
conditions within the test compartment. If left to
its own devices the test cell air temperature can reach 
40 °C, and by day is usually higher than the transwall
temperature. In order to achieve some degree of (crude) 
control over the temperature a 1\ inch Vent-Axia fan 
was installed in the west wall. It was thought useful 
to be able to minimise, or enhance, vertical temperature 
gradients in the test room so a swivelling duct is fitted 
to the fan which allows the cool air to be directed either 
to the top, or to the bottom, of the test compartment. 
This is used in conjunction with sliding vents, top and 
bottom, to the logger compartment.

Since the transwall mass to test compartment volume 
is at present much larger than in a practical building 
situation no attempt has been made to model the test 
cell/transwall system as a whole. Only the performance



of the transwall itself is considered. Future work may 
require that the system as a whole be considered, probably 
with a much smaller transwall, and this would require 
the complete reappraisal of the test cell, its instrumentation 
and the installation of a much more elaborate temperature 
control system.

Test Cell Location

From maps obtained from the Department of Geography
of the University of Glasgow the precise geographical 
position of the test cell was determined:

Longitude 4.3° West
Latitude 55.9° North

4.7 TEMPERATURE MEASUREMENT

In all 40 Chromel - Alumel thermocouples of 1.5 mm o.d.
were used to measure the temperatures of ambient air,
the temperatures of water volumes, the temperatures of
the transwall surfaces and the temperatures of the test
cell interior.Three thermocouples are 1.5 mm o.d. stainless 
steel sheathed and the remainder are made from 0.3 mm 
PTFE insulated cable. The beads are formed by an electrical 
discharge thermocouple welder. Chromel-Alumel thermocouples 
were chosen for the test cell environment in order to
match those used in the transwall. The thermocouples 
were connected to a data logger and print outs were usually 
collected every fifteen minutes. Twenty thermocouples
monitored the water temperature and another twenty the 
various surfaces and air volumes. The accuracy of the
temperature measurements was + 0.1°C.



4.7.1 Temperature of Water

The temperatures of the water in Che transwall was 
measured by four planes of five thermocouple ’fingers' 
as shown in figure 4.7.1a. The reason this system was 
adopted is given hereunder.

It is important that the temperature sensors interfere 
as little as possible with the phenomena within the 
transwall. This effectively rules out the more stable 
resistance thermometers in favour of thermocouples. 
A series of grids in which thermocouples are stretched 
between supports was also ruled 
out because although it can minimise 
interferance with the flow patterns 
it is difficult to make with the 
thermocouples all at the same 
tension. Experience with these grids 
indicates that if one thermocouple 
breaks then all thermocuples in the 
grid have to be replaced, and wires 
are prone to droop out of line in the course of time.

In the system adopted fingers of stainless steel
hyperdermic tubing 1.75 mm o.d. x 1.25 mm i.d. support
PTFE insulated Chromel- Alumel thermocouples to within 
20 mm of the tip. Chromel-Alumel was chosen in preference 
to the more stable Copper - Constantan because it is 
mechanically stiffer and so the free length at the tip 
is less likely to move. The thermocouple wires pass 
up the 4.5 mm o.d. vertical tubes which can be raised,
lowered, and rotated by clamps on the top of the transwall,
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Figure 4.7.1a .. The upper figure shows a section and the 
figure below a plan view of the thermocouple 
system in the transwall module.
All the distances shown are in mm.
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The transwall will operate only over a limited range 
of temperatures , 15 —  35°C, and so calibration, or more 
accurately matching, was limited to these temperature 
levels. A large Dewar flask in a well insulated box 
was placed on its side and the two of the five 'fingers’ 
arranged so that the ten thermocouple leads were interlaced
in a horizontal line to overcome any slight vertical

/
temperature gradient. The thermocouples were connected 
by individual thermocouple connectors to cold junctions 
sitting in two carefully prepared ice baths. The cold 
junctions consist of pairs of 10 mm x .5 m glass tubes 
down which runs each thermocouple wire together with 
a 1.5 mm insulated copper wire. The wires are loosely 
twisted at the ends and s u b m e r g e d  ■ in about 30 mm of mercury 
to give good electrical and thermal contact . Melted
paraffin wax is poured down each tube to seal in the 
mercury. The copper leads were joined to a heavy duty 
thermocouple switch connected across a high precision 
DVM. The Dewar flask was sealed and, after being left 
to settle for three days, the emfs were recorded. One 
of the set of five fingers was arbitarily selected as 
a refereence and moved to the second set of five and 
so on. Thus the thermocouples were compared against 
each other. The thermocoule emfs all agreed to within 
+ 1 pV (+, 0.025°C), except for thermocouple numbers 6

and 7 which consistently registered 2 jaV above the others.
It was noticed that moving the thermocouples about could 
produce differences of 2 jiV (0.05°C) but since the accuracy 
required is no greater than + 0.1°C this was considered
satisfactory.



The distance between ' internal glass surfaces is
156 mm, and the horizontal distances of the thermocouples 
from the south transwall glass are as follows.

Code numb e r

1
2
3
4
5

6
7
8 
9

10
11
12
13
14
15

16
17
18
19
20

V e r t i c a l  p o s i tions 
from b o t t o m  glass 

(m m )

542

B = 383

C = 224

D = 58

H o r i z o n t a l  
d i s t a n c e s  from 
south glass (mm)

4.7.2 Temperatures of Transwall Surfaces and Test 
Cell Space

The position of the thermocouples with their code 
numbers are indicated as shown in figures 4 .7 .2 a & b.
The thermocouples attached to the glass window surface 
and transwall glass surfaces were held by silicon adhesive. 
Where necessary thermocouples were shielded from solar



radiation by small shields made from fine aluminimised 
iMelinex, Tests by Paparsenos (3) showed that thermocouples 
immersed in water would not show any significant temperature 
error (in relation to + 0.1°C required accuracy) due
to solar radiation provided the water thickness was greater 
than 2 ‘mm.
The position of the thermocouples and code numbers are 
listed below:

Code no. 41 room temperature near transwall lower (stand)
42 room temperature, near transwall' middle ..(stand)
43 room temperature near transwall upper (stand)
46 equipment room temperature east
47 equipment room temperature west

Code no. 21 inside window upper
24 inside window lower
22 transwall glass inner* S-side (38 cm from bottom)
23 transwall glass inner N-side (25.5 cm from bottom)
25 thermocouple (probe) between window and tank
26 room temperature central
44 • room temperature east
45 room temperature west
27 ambient temperature North (shaded)
31 transwall glass outer. S-side . upper
32 transwall glass outer S-side lower
33 transwall glass outer N-side upper
34 transwall glass outer N-side middle/upper
35 transwall glass outer N-side middle/lower
36 • transwall glass outer N-side lower



4.8 COMPUTING PROGRAM OPERATION

A computing program was constructed to predict the 
temperature variation of the lumped system using as input 
experimental readings from actual runs. The program 
has the following features.
1) Using the equations listed in Appendix A, it calculates 
the position of the sun for a given day of year and local 
time.

2) The output in mV of the two horizontal solarimeters 
(global and diffuse) are incorporated and the program
then, after making the necessary corrections, calculates

2the beam and diffuse radiation in Watts per meterincident 
on the system.

3b) The equation 4.1b was used to predict the temperature 
rise in the transwall, after a given period of time. 
Because (lex) varies with time> the time was divided into 
intervals of 15 minutes and (lex) was taken as constant 
over that period.

4) Only an initial average wall temperature was necessary 
and then the prediction became ’initial' and so on until 
the Zr\%\^5\s ceased to operate. The heat transfer coefficients 
of the transwall module and the surroundings (stream 
of air between wall and air gap/and room interior) were 
extracted from table G.l, Appendix G and assumed to be 
unchanged during the run.



5) Other variable inputs were the ambient temperature, 
an average room temperature and the air gap temperature 
obtained from thermocouples 27, 42 and 25 respectively.

4.9 WATER TEMPERATURE MEASUREMENT

' The non uniformity of the measured temperature 
distribution of water in the transwall is demonstrated 
in figures 4.9a and 4.9b. The following observations 
were made:
1) The largest vertical temperature difference observed 
was 2.7°Ck

2) The largest horizontal temperature difference observed 
was 0.6°C for the upper (1-5) thermocouples.
3) When the water in the transwall is heated it sets
up circulation patterns. The "seagull" pattern of the 
horizontal temperature distribution figure 4.9a, suggests 
the circulation system shown-below.

The same pattern was observed by Paparsenos (3) with 
an entirely different thermocouple system. He used fewer 
thermocouples, and at the time ■ , it was put down to 
thermocouple inconsistency. However, these latest tests 
were made with matched thermocouples and the development
of the pattern can be clearly seen.- The answer probably
lies in a complex flow pattern in the transwall noting 
that only a slow circulation of fluid is liable to have
a profound effect on the effective conductivity of the 
fluid and consequently the temperature distribution. 
The creeping of the water up, or down, the glass walls 
will produce boundary layers of varying thickness and
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stratification effects add to the complexity since the 
diagram shows that the stratification gradient is far 
from • linear in ' form. The circulation patterns require 
further experimental investigation possibly by placing 
more thermocouples within the transwall to investigate 
the temperature distribution more closely. The use of 
possible flow visualisation techniques are difficult to

timplement since dye' streaks, or particles, tend to absorb 
radiation and give false indications of what is happening. 
Also circulation velocities are very low and the dye 
streak is liable to disperse. The pattern of the horizontal 
temperature, distribution, figure 4.9a, showed a remarkable 
constancy over a long period of time with "seagull" 
patterns all being the mirror image of the one immediately 
above and below. The ’peaks’ of this figure represent 
the measured horizontal • temperatures which are jointed 
between one another by straight lines.

j The upper form of temperature 
[profile can be explained as:

OO rf\

Temperature rise is due 
to strong solar 
absorption by the water 
in this region.

Since glass is hotter 
than the centre of the
;ranswall a temperature 
;radient is required.

Possible temperature rise 
from 'room radiation*.

When the pattern inverts the phenomenon cannot be explained



4.10 LUMPED SYSTEM RESULTS

a) Temperature Rise Prediction —  Insolation is Present

On the basis of the experimental results obtained
on the 20th June, see figures 4.9a & b, curve 3 of figure 
4.10a‘ is the most likely to be correct. For this case 
a K value of 1.5 and the experimental values of heat 
transfer 11.8 and 7.5 W/m2K, from Appendix G were used. 
This gives an 187, overprediction error in the^ temperature 
rise over a period of 7 hours. Overprediction is to be 
expected in this situation since the room temperature
is higher than that of the transwall. This can be explained 
as follows. The actual heat transfer from the surroundings 
to the transwall involves the product of the surface
heat transfer coefficient and the temperature difference 
room to transwall surface. The lumped system approach 
uses an average temperature which is uniform throughout 
the transwall and dominated by the water. Thus,
fundamentally the lumped system cannot cater for the
higher glass surface temperatures which are inevitable 
in this case. These arise from the absorption of radiation 
particularly in the transwall glass facing the window, 
and from the fact that heat transfer from the surroundings 
is inwards to the cooler transwall centre and obviously 
the temperature gradients are such that the glass 
temperatures are higher. This effect can be seen from 
figure 4.10b where there is a marked correlation between 
the window side mean transwall glass surface temperature 
and the absorption of radiation in the transwall. The 
room temperature reacts more slowly due to thermal damping 
"TKc. l\ curved ^'f£cLic'tlr\<^ ■\€.w\^G'C&^Of£ vxj\VV\

oS»V\Q^ c h ^ ' f e n t  C o Y ^ W .^ \iO r> *  o j j  K  \  f^ Y N S ^ V  C fc e ff

*-w\ h. 5̂



but both are up to 2°C higher than the measured mean 
transwall temperature. The effect of higher glass surface 
temperatures on the heat transfer varies, and it will 
overpredict the heat transfer from 10 to 607,. It is 
worth noting that this problem of the higher glass 
temperatures will not arise with a plastic film type 
of transwall since the absorption and thermal capacity 
of the plastic film is very small.

The sensitivity of the predicted temperature rise 
to the surface heat transfer coefficients can be seen 
from curves 1 and 4 of figure 4.10a, below.

23

22

21

20
Measured t/c 8

19

18

17

200 100 0 -200-100
S o l a r  T i m e  (minutes)

Figure  4 . lQa .Measured versus p r e d i c t e d  t e m p e r a t u r e  rise. 
Curyc. OO&QJ) p.AAS

Curve 1 uses the heat transfer values for the ’warm’
situation i.e. when the transwall is from 24 to 28 °C,
and has values of 18.4 and 12.4 W/m2K for the outer



and inner transwall glasses respectively. • If these values 
are used the error in temperature prediction rises to 
307o! The curve 4 has the lowest heat transfer coefficients 
of 7.5 W/m2K for both glass surfaces and these are obtained 
from the theory of laminar flow over a flat vertical 
plate* (5). In this case the final temperature is within
87o o f the measured values. However, the heat transfer
/

coefficient in the transwall/window air gap is too low 
for credibility. Clearly as proposed in Chapter 6 more 
work is required to establish the actual heat transfer 
coefficients to better than 1 0 %.

Associated with uncertainty in the heat transfer 
coefficients is the ratio, K, of the temperature difference 
transwall/room to transwall/air gap. Recalling that
the overall heat transfer coefficient, associated with 
one side, is

h = K h + h a r
where h is the air gap/glass surface heat transfer
coefficient and h^ is the corresponding one for the room
side/glass surface of the transwall. Often the difference
between the room and the air gap mean temperatures is
neglected and consequently K is unity. However, measurements
show, for this run, that the mean value of K is 1.48
with a first standard deviation of 0.25. The variation
of K with time is shown in figure 4.10b. The value chosen
for K has a substantial effect on the accuracy as it
can be seen from the curves 1, 2, 3, 4 of figure 4.10a.
curve 3 K = 1 . 5  h =11.8 and h = 7 . 5  W/m2 Ka r
curve 4 K = 1.0 " " (superimposed)
curve 1 K =' 1.5 h = 18.4 and h = 12.4 W/m2Ka r
curve .2 K = 1.0 " "



In order to preserve the simplicity' of the lumped 
system approach K is taken as one value, but clearly 
from figure 4.9b K is far from uniform.
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Figure 4.10b Measured transwall temperatures on 20th June and
predicted radiation absorbed versus solar time.

b) Temperature Fall Prediction Insolation is Absent

When the cooling curve of the transwall during a night 
run, 23 — 24th August is considered, figure 4.10c, it 
is seen that the predicted cooling curve from the lumped 
system equation 4.1b with (lex = 0 ) ,  is closer to the 
measured than when insolation : is present, figure
4.10a. In fact the predicted temperature fall over 14



hours is only 8 % below the measured value.' Various factors 
can account for the improved accuracy in the absence 
of insolation. The value of the temperature ratio, K, 
is more uniform at 1 . 1 1  with a first standard deviation 
reduced to 0.04. But more significantly the glass/water 
temperature difference is less in■■ the absence- of insolation, 
so that the actual temperature difference controlling 
the heat transfer, room to glass surface, is closer to 
the assumed difference room to 'lump' temperature.

The water circulation in the transwall which maintains 
the effective rather than the true (static) thermal 
conductivity is probably less during the night run, and 
this might be expected to . produce a greater divergence 
between the predicted and the measured values. However, 
it is believed that the reduction in the glass/water 
temperature difference more than compensates for this.
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Figure 4.10c Temperature fall in the transwall

predicted versus measured temperatures



Conclusions

It is suggested . that the lumped system approach in 
predicting k the temperature rise in a transwall, and thus 
its performance, is probably about 187,. If solar insolation 
is absent then the lumped system approach can predict 
the temperature fall to within 8%. However, a method 
of - analysis for a solar system which is accurate only 
in the absence of solar radiation cannot be considered 
practical.

If the transwall uses thick glass walls the lumped 
system cannot account for the difference in glass and 
water temperatures. Thij system' is also vulnerable to 
accurate pre ~ knowledge of the temperature difference 
ratio K. The situation can be improved by treating the 
glass and water as different lumped systems or alternatively 
by working with 'adjusted' heat transfer coefficients 
which relate to room-centre transwall temperature differences. 
Both these approaches add to the complexity and destroy 
the simplicity of the k system. It is believed that the 
finite difference approach has more to offer in accuracy 
and flexibility with some admitted degree of complexity.



CHAPTER 5

2 — D ANALYSIS OF THE RADIATION ABSORBED IN A TRANSWALL MODULE 

5.0 Introduction

This chapter is devoted to a two- dimensional computer 
analysis of the energy absorbed in the transwall module.
The program developed is intended to form part of a larger
program which will model the phenomena within the transwall
using finite difference methods, and consequently the
absorption of radiation is required for the individual
slabs (typically 5 x 7) into which the transwall volume
is divided. 1

The two-dimensional nature of the analysis requires 
that for beam radiation each slab volume is multiplied
by two factors, a shade factor and an acceptance factor. 
The former will have a range of values from zero through 
to unity depending on if, say, the top cover completely, 
partially or fails to shade the slab; the latter will
•have a range from unity through to zero depending on
whether radiation reflected from the bottom is fully received, 
partially received, or not received by the slab volume
under consideration. This approach requires that the 
location of the three— dimensional limiting rays within 
the transwall is defined. In order to account for
refraction within the transwall a concept of 'effective' 
altitude and azimuth angles is developed to establish 
fay location, and this forms the first part of this chapter. 
The rays defined, the chapter then goes on to consider 
the methodology of the shading and acceptance factors.
All rays have their own shade and acceptance factors 
apart from the very weak ones where conveniently one 
general shade or acceptance factor is used.



The absorption of diffuse radiation by individual

slabs is associated with individual slab view factors 
and their treatment is described.

Clearly if a system of infinite reflections were to 
be considered in this two-dimensional field then the 
proliferation of shading, acceptance and view factors 
for each ray will be enormous. This problem is overcome

t

by an approximation which considers only one reflection 
at each surface.

The program requires the division of the solar spectrum 
into wavebands each with its own properties, i.e. extinction 
coefficient, fractional energy level, etc. This makes 
a lftYge demand on the available RAM of a nominal 64K 
micro and if a large number of slabs are chosen then 
the number of wavebands has to be reduced. In order 
to speed up the computer running time, and to reduce 
the demand on the RAM, a single waveband approach has 
been developed for a reduced accuracy analysis which 
is covered in this chapter and in appendix E.

The shortwave radiation reflected from the room into 
the transwall (backwards radiation) and the reverberations 
of the incident radiation between the trar^wall and the 
window are also considered. The level of backwards radiation 
was established by a correlation derived by experimental 
means.

The methodology of ray tracing, shading, acceptance 
view factors now established equations are then developed 
for the absorption of radiation in each slab. The 
predictions of the computer program were validated with 
experiment and good agreement was achieved between theory



and experiment. The computer program was then used to

identify and quantify various factors relevant to the 
absorption of radiation, namely, the effect of varying 
the number of wavebands, the effect of one general spectrum 
rather than different ones for beam and diffuse radiation 
depending on the air mass and type of cloud cover, the 
effect of different dyes and high absorbing glass was 
also considered.



5.1 TREATMENT OF ABSORPTION IN A 2-D TRANSWALL

The following basic features were considered.
Accepting that shading occurs it is necessary to calculate 
the absorption in the various volumes into which the 
transwall is divided. This approach is essential if 
a finite 'difference solution is to be employed to find 
the ,temperature distribution within the transwall. As 
a subset of this approach is the methodology of incorporating 
multiple reflections.

The transwall in this case is 
considered to be long and the method 
is strictly two-dimensional, at least 
in the sense that absorption is 
taken to vary in the x-y plane but 
is uniform in the z direction.
However, it should be noted that the 
3-D nature of the beam radiation 
must be taken into account.

In all this work the transwall is taken to face due 
iouth since this is the situation of the module in the 
test cell. In order to apply the equations to other 
orientations it is only necessary to incorporate the 
wall azimuth angle, + a^ , with the solar azimuth, a, 
term,, ie replace cos a with cosCa-a^) .

Shade/acceptance factors for Beam Radiation within the 
Transwall

Consider beam radiation striking the transwall as 
shown in figure 5.1 below. The vectors representing 
the beam will be fore - shortened i.e. inclined into and



out of the plane of the paper. If one 
reflection is considered at the glass/ai 
interface then }

Point A will receive no beam radiation.
Point B will receive direct radiation bu 

no reflected' radiation.
Point C will receive both direct and 

reflected radiation.
Point D will receive both direct and 

reflected radiation from the 
back and in addition radiation 
reflected from the base.

Thus each volume of the transwall has to be associated 
with its own shading and acceptance factors. The latter 
is taken to mean a factor which controls the acceptance
of reflected radiation. If multiple reflections are 
assumed then the shading and acceptance factors become 
increasingly complicated. Note that because of the
downward component of the beam vectors the radiation,
and absorption, will increase towards the base. A major 
weakness of the one dimensional approach is that it will 
not show this effect.

Diffuse Radiation

Certain assumptions are . necessary for the treatment
of diffuse radiation.
(1) Sky radiation is isotropic.

(2) Diffuse radiation is treated as having an effective 
angle of incidence 'yjr = 62° in order to calculate
the internal transmission. The angle of 62° is

OA



supported by Beckman and Brandemuehl (43) and also 
by measurements undertaken as part of a final year 
undergraduate project (44). It is worth noting 
that anisotropic models of sky radiation, such as 
Klucher or Hay, give different angles.

(3) No shadow factors are involved but view factors are. 
The view factors to be considered are not only 
for the sky but also for the diffuse radiation 
reflected off the bottom of the transwall.

5.2 Refractive Altitude and Azimuth Angles

When calculating shadow factors it is essential to 
find where the limiting beam vector strikes the
horizontal and vertical planes of the various slabs. 
This is most easily done using the altitude, 3 and
solar azimuth, a, angles.

■Consider ray lm. It is 
required to find the 
distances x = kl and y = lm 
figure 5.2. From the 
triangles kmn, klm it is 
seen that :

Fig. 5.2

X  =
or

L-tantx 
c 0 5  a

^  —  L* IX.   L  • Sir\ol

ec(u.̂ |ly y — L
cos (x. • cos a c o $ 0

Unfortunately in a transwall the incident ray is 
refracted as it passes through the different media, so 
the altitude and solar azimuth angles calculated in air 
do not apply.



It is necessary, therefore, to calculate 'effective' 
altitude and azimuth angles for each material of different 
refractive index.
Consider the incident beam BO 
striking a south facing 
receiving plane. OS is the 
normal to the plane, and 
triangle ABC, is parallel to 
the receiving plane.
OA is of unit length.
0 r= refractive angle.

— altitude of refracted ray. 
ar = solar azimuth " * »
The angle of inclination of the incident plane, ^ , will 
be the same as the angle of inclination, “J , of the refracted 
plane since the incident and refracted rays lie in the 
same plane.
the angle J is given by triangle ABC

icScY\ ̂ -  ta-n ( t2lY\ C<

if a = 0 then = 90°, for O^a^'H

The refracted solar azimuth, 
aryis given by triangle O'FD

ay = tan"1 (tan0f-cosj) (5.22  ̂

and the refracted altitude 
angle, o(r , is given from 
triangle O'OD.

<Xr = sin-'1
V y cos 0r j

• 5inlO



When the ray passes from glass to water it. will be bent 
again, but it will still be in the same incident plane 
inclined at the same angle J to the horizontal.

From (5.2.2 & 5.2.3) cos0 = cos<tfr*cosar (5.2.4)
In particular for the exterior glazing and front transwall 
glass the refractive solar azimuth and altitudes are:

ar, ' = tan”* (tan04^.cos^)

*r, = sin'i (sinBâ . sin J)

and for. the water slabs 
a.rx = tan (tan0 ŵ* cos J)
*fi = sin (sin0^*sinj)

5.3 Slab Divisions

The overriding factor in the way slab volumes are 
chosen is that they are compatible with a finite difference 
analysis.

(+)a) Vertical slabs
Absorption variation in a 

vertical direction should not 
be too great and 5 slabs should 
usually suffice. A half slab 
top and bottom will be required 
for the finite difference 
solution so that a temperature 
node is at the centre of a 
slab.
slab height: b = \ r \

Yx s!afc>6

fc> . —   Skk>5

4

@  _ _ _ _  <>lsjb3

C D - - - - —  *lab2

(*) 'Vertical slabs' are defined as the horizontal
divisions in the vertical direction. The opposite
will apply for the 'horizontal slabs'.



b) Horizontal slabs

There are substantial advantages to be gained in 
keeping the outer and inner half slabs homogeneous i.e. 
not mixing water and glass in the same slab. By so 
doing there are no internal reflections within the half 
slab, and the ultimate finite difference solution is 
far , less cumbersome. Since the glass thickness will be 
10 mm irrespective of the transwall width (6 mm would 
be too weak, 12 to 15 mm too expensive) then this requirement
fixes the outer half slab width as 1 cm leading to

2 cm for an internal slab. - - ■z-

Thus, in any optimisation program
the overall (nominal) width of the <

transwall should be in multiples of 2 cm. {4-0 vsra.ll wi<Uk ^
The current transwall is 18 cm (nominal) overall giving 
9 slabs (8 full slabs and 2 half slabs), and if a
12 cm width were chosen then 6 slabs is the most convenient 
value.

However, if for any reason it is desired to reduce
the number of horizontal slabs for the current 18 cm
transwall, say for speed of computation or insufficient 
computer memory, then two alternatives present themselves.
(i) If, say, five horizontal slabs are required, and 

if these are to be of equal width, then the half 
slabs at start and finish will . be non- homogeneous 
and their absorption will have to be recalculated. 
This involves the addition of fairly complex extra 
terms and this choice should not be undertaken lightly. 
Appendix H, demonstrates this complication.

(ii) The easier alternative is to abandon a uniform
slab width for glass and water. The first and last



slabs will now be part slabs, rather than half slabs,

and the water thickness will be divided into equal slab 
widths. ' This approach will give accurate values for 
absorption though care will be required if this approach 
is to be incorporated into the (future) Finite Difference 
Effectivev Conductivity program.

e.g. for 4 water slabs a = • ? = 3.93 cm
.4

<—  81---- v

-3-9-

i © ©
Y\ slabs

slab numbers 1 to 4 inclusive are water slabs only, 
0 and 5 are glass only.
In the above i and j represent the individual slabs 
and n & m the total number of slabs in the horizontal 
and vertical directions respectively.

5.4 FACTORS AFFECTING THE ABSORPTION OF A TRANSWALL

It is necessary to analyse the following factors 
for the accurate prediction of the energy absorbed by
the transwall under investigation.

5.4.1 Reverberations of Incident Radiation Between 

the Transwall and the Window.

The radiation striking the transwall will be increased 
by progressively decreasing multiple reflections between 
the glazing and the transwall. Since the planes of the 
window and transwall are parallel, then the incidence



angles, glazing and transwall, will be the same and
consequently the reflectance, window and transwall, will 
be the same for beam radiation. Equally for an effective 
angle of incidence the reflectances, window and transwall, 
for diffuse radiation will be the same.

Let jd and jO 
of beam and diffuse radiation,

be the reflectances

respectively.
Radiation received by transwall
reflected from window, Rj is:

** = + fi + K  + ...... } +

+ ff + r! + ...... }
= i,

l -£ +

fi

where 1^ and IA is the amount of 
radiation passing through the window.

fig. 5.4.1

Thus it is only necessary to increase the beam and 
diffuse radiation striking the transwall glass by this 
amount. It is worth noting that beam radiation will 
still have directional properties. Since p  rarely exceeds 
10% the effect of these reflections is limited.

In addition to the reverberations of the incident 
radiation between the transwall and the window ."backwards" 
radiation will also be involved i.e. radiation emerging 
from the transwall which originates from internal reflections 
within the transwall and from short wave radiation reflected 
from the room, see 5.11. These additional sources of 
radiation are reflections of reflections and can safely 
be ignored.



The idea of "backward" reverberations was used only for 
determining more accurately the absorptance of the window 
glass.. In this case the radiation received by glazing 
reflected from the transwall, Rb is:

5.4.2 Number of Reflections

Ideally the two-dimensional approach should consider

this would mean a large number of shade and acceptance

a consequent massive expenditure in computing time.
The most cost effective solution is to consider only

incident ray these will be from interfaces where the 
respective refractive indices have the greatest difference. 
The diagram in Appendix F shows the quantities of the 
reflected r ^  s in a transwall module. In this analysis

rays considered, see figure 5.4.2.

"From every possible surface one reflection is 
allowed through the different media before leaving 
the system."

5.4.3 Shadow Factors, SF

Shadow factors are considered only for beam radiation 
and they follow the same pattern:

+

an infinite number of internal reflections. However,

factors for each volumetric slab of the transwall and

the stronger reflected rays. For a given strength of

the following definition was applied for the number of



Figure 5.4.2 section through a transwall with the type of
reflected rays considered in the prsent analysis.



SF ( j) = 0

Sf (j) = 1

S F  (j) = 0

if the slab does not receive any reflected 
radiation (slab is completely above the 
limiting ray).
. if all the slab receives reflected radiation 
(slab is completely below the limiting 
rayj *
1 if part of the slab receives reflected 
radiation.

An example of how the shadow factors for rays c and d, 
figure 5.4.3 are determined follows:
Let the displacement of beam . through the window glass 
be, DX.

t&Y\ <*DX = t ri
32 cos

•; wx

Figure 5.4.3

Multiplane

The displacement of I-beam through the transwall glass,
RXf and water, WX, are given by:

RX = to --------
* CoS ftr.

, WX = t U n  oc
COS

o , (XCi | af| , and ar2 are given in 5.2. Hence shadow factor 
for outer glass slab j, for ray c, is given as follows:

SZ = RX + 2* WX + DX and for ray d, SX = 3-RX + 2 -WX + DX



Let Yc = SZ-b/j

and Y = SX - b/ 2 

Slabs getting 
full reflected 
radiation

(m- 1) - INT(Yc / )

Slabs number getting!
part radiation m — INT (Yc )

Shadow factor of slabl ^ b — (Yt — INT(Yt/b)-b)
hit by boundary ray

YJL

Therefore (SF, ),. = 1 - Y^A + INT(Yc/b )

similarly for ray d, i.e (SF^ )d = 1 —  +

Similar treatments were adopted for the shadow factors 
concerning the absorption of various water slabs and
the rear glass slabs,.the former will be functions of both i 
and j i.e. SF(i,j).
5.4.4 Acceptance Factors, AF

Some water and inner glass slabs will not receive 
reflected beam radiation. For example, consider the 
case of the inner transwall glass, figure 5.4.4.

If the limiting height for the 
inner glass to receive radiation 
reflected from base be AX, 
then

tav\ c*r»AX = tV» CoS
An acceptance factor is defined, 
AF(j), so that for slabs 
completely above the limiting 
ray (height AX)



AF(j) = 0 (for slab numbers higher than 2 ),,
AF(j) = 1 for slabs completely below,
b'or the slab which intercepts the limiting ray

AF(J) =;_  AX- \ V;2 + b-INT

It was found that the maximun height to which the 
limiting ray was reflected from the bottom and accepted 
by the rear glass is 0.177 m, (i.e. in the middle of 
slab 2 ).

Taking into the account the slight 
vertical displacement of this limiting 
ray through the rear glass and allowing it 
to be reflected from the rear glass-air 
interface and then to be "accepted'’ by 
front glass, the maximum height reached 
by this ray was found to be 0.372 m 
(i.e. slightly above the middle of slab 3). *̂ 12

1

Because rays, p,r,u,v, figure 5.4.2 are 
very weak the complication of individual 
acceptance factors is not justified by the
accuracy of the whole analysis of the transwall system. 
The maximum accptance factor, AFp , was chosen to cover 
all four rays.

5.4.5 Reflection of Radiation in Bottom Class

* Irrespective of where ray strikes the tank bottom
the path lengths will be the same in water,.see figure 5 .4 .5 a

U - D
XWater transmission path aA + a 2 = Cos oC + cos a fz

1*2



Figure 5.4.5a

Section through an
inclined to axes 
transwall.

Figure 5.4,5b
Plane of a ray 
inclined to the
axis of a transw^ll.

Figure 5.4.5c

» C0i> 14r,Figure 5.4.5d
Both rays are in 
the same plane.

horizontal plane

Let 0 ^  and 0^a be the refractive angles of bottom glass 
water and air interface respectively, then from Snell's 
Law:

V  = sin sin(90 - 0 ^  ) n j  vw j
= siri"^(cos0- n*)



and e
8ba

~ 1sin .(cos0 -n ) gw w

The horizontal displacement D of the ray though the 
transwall bottom glass can be defined from

The necessary tools for the development of the absorptance 
equations of the individual layers of the transwall have 
been analysed. The absorptance equations follow.

The beam radiation that enters the outer transwall 
glass is:

where (Ib is the radiation transmitted through the
window glass after infinite internal reflections.

5.5.1 Beam Radiation Absorbed in Outer Transwall Qlass,

Considering the rays sh(

It was also found that for angles of incidence 61.3

5.5 BEAM RADIATION ABSORBED BY THE TRANSWALL

QIb = (Ib )^*cos0 '(1-jo)

figure 5.5.1



The perpendicular . component of beam radiation absorbed 
in outer glass, )x 5 is

t 5,) +
db (SF, (j))c-'Tv ( l - +
A  (SF, (j))d-Tv (l-pt )- %.• (1 - ̂ ) • Tvja . T9l • T. (1 -Tg1 )

including the rays reflected by the bottom glass and 
rearranging

(^1= •Ib(1-'t5.)̂ 1 +Vj°4 + 'rV (1"J° (j)Vp •rT'» +
(SF2 (j))j. ( 1 - •  f> + AF1 (j)-^|) +

(1~fa V/J - X }  + ■ f}]|;
where (SF^ (j))c and (SF2 (j). )j are the shadow factors 
for the rays c and d,and AF* (j) is the acceptance factor 
of the outer glass for the bottom reflected rays.

5.5. 2 Beam Radiation Absorbed in Inner Transwall Glass,06^

The perpendicular 
component of beam 
radiation absorbed 
in inner glass,( ^ 9^

Fig. 5.5.2

)* ( )* \ SF* ( j )*Tva+ AF, (j)

VI



5.5.3 Beam Radiation Absorbed in Water Slabs,

In general a water slab will 
absorb beam radiation directly, 
and from reflection off the 
bottom and the inner glass 
surfaces, as shown in 
figure 5.5.3.   ->

J

Lia ) Horizontal Slab Surfaces

It is assumed that radiation 
only enters the vertical walls 
of the slabs and not the
horizontal surfaces. In fig.5.5.3 a  >
the upper ray will be counted to slab 
(j + 1 ) and not part to j and (j + 1 ).
This will be balanced by the lower ray which 
will be credited solely to slab j and not 
partly to (j-1 ).

water slab

b ) . Path Lengths

The following path lengths and hence the corresponding 
transmittances need to be defined:

aPath length through water slab, Lv^= cos 0,



Water path length of incident beam, =' ’COs'Q *— ~

Water path length of reflected ray, =

Water path length through base, iLwb=

a(n»i — 1 )
COS0^vv

a(i-*l)—D
cos0 ,v<

where a is the slab width and the corresponding transmittances
are: %ns , Tty, ; 7^  ; T ^ b  3 defined in figure 5.4.2
The beam radiation absorbed by a water slab is given by

(cU) „ i b - ( l - a w - T ^ a - £ > •  | S F i d ,  j)- ir^ +

^wJsFA (i, j)-jO + SFy (i, j ) - ( l - p J - T j V f J  +  

AF(i, j)-(j3* +  (1 - j o  )• ) +

* A F ' (i , j) • (jo + jÔ • (1 - jO) • ) • (jd • Tv/ +

a ' n  )-Tv p } -T ' ^

5.6 DIFFUSE RADIATION ABSORBED BY THE TRANSWALL

A • problem arises in summing diffuse radiation over
the waveband intervals because reflected radiation is
composed of part beam and part diffuse. This can be
overcomed by fixing a ratio between beam and diffuse 

radiation.

IRn -  ‘ jfo
mdl *■J

where Jwb is the measured diffuse radiation
1^ is the measured beam radiation (m2 normal)
FLn is the fractional diffuse in waveband ( 1

fFn  is the fractional beam radiation in waveband
* / 2,



L J I 1 U

C^+t-j)-b

5.6.1 Effective Sky Dome Angle

The transwall will not see
a complete quarter sphere of the
sky dome because of the shading
of the roof. The maximum
effective sky dome angle ^
measures 1 0 1 ° for the transwall
under test. The effect on the 
view factor is 
1 + coslOl _  0.404

2 Fig. 5.10.1
instead of 0.5.

Assuming that the window is
long in relation to length 1-t .»
the effective sky dome angle
for a slab on the outer transwall
will be given b y :

. ^ ( j )  = t a n ’ ^ t a n q - O O J / j ^  +  b .Cvn + i - ^

where DJ is analogous to DX, see 5.4.3 (the vertical 
displacement in window glass for an effective difuse
angle \jf)

From the above it is seen that the maximum angle of 
incidence in the vertical plane will be (180-101) = 79°
due to the roof overhang and this will be refracted to 
give an effective sky angle .

For 9 =79° the corresponding 
refractive angle is 47.3°.

Thus only the cross hatched volume 
would have a substantially restricted 
view factor (i.e. relative to 1 0 1 °)

0 - 6 YY\



Consider a ray from the element 
shown in figure 5.6.1b. The 
limiting ray will graze the 
roof corner and pass through the 
centre of the element. The 
following dimensions are known
î -\ > dj

f has to be calculated.

From geometry: 

v = 90 - w, o( = 90 - y

s m x  = cosy.

s m y  = cosv. Fig.5.6 .lb

now tanv =

-tar\V

It + f

a
.(5 .6.4 a)

It is necessary now to solve for v so that the true sky 
angle I  * 1  = v + 90 can be found.

The trial and error solution will be too time consuming 
for the program since it is required for each element, 
and so an approximate solution is necessary using a value

of J defined by :(see fig. 5 .6 .1 c)

kH) (5.6.1b)
= tan

The other possibility would have been to use a more
general approach to cover all three surfaces i.e. front
and rear glass arid water slabs, using an element in the
middle of the transwall as shown in figure 5.6.1c.
In this case /v . v j / \ / r <■ \JU = tan V (d/c) ■ (5.6.1c)



These approximations and 
their effects were investigated.
Using 'a = 0.17, 1* =0.88, 
t̂  = 0.01 equations 5.6.1a,b&c 
were compared, for three 
different settings of c and d.

See table 5.6.1. FiCr.5.6.<s

TABLE 5.6.1

XZZzzz

c <£ Xa
\ + tOî  

2 K ,+a»)̂
+

 ̂ -y? ««
I i

0.3 0.07 90+8.7 90+13.1 90+8.2 0.424 .387 .429 8.7 1 . 2

0.3 0.16 90+9.7 90+28.1 90+8.2 0.416 .264 .429 36.5 3.0
0.5 0 . 1 0 90+7.7 90+11.3 90+7.0 0.433 .402 .439 7.2 1 . 0

The table above suggests that the approximate angle, 
y is adequate for the front transwall glass and water 

slabs in the middle, but it does produce substantial 
error for the rear glass and water slabs (particularly 
those in the upper half of the transwall).

The first approximation of using simply ^ ^  +

is reasonably accurate over the whole transwall outside
of the hatched volume.

The problem of the hatched volume

The limiting ray has a 
refracted angle of 47.3° for 
the particular geometry of the 
transwall, and its position 
in the solar test cell.



The term t̂  tan « ̂  sin(cosv)j is small in relation to

the other terms in equation 5.6.1a and hence can be 
neglected (In fact it contributes less than 1% to the 
value of the angle v)
Hence (90-^) = tan'^cj

sinw = n^sin ( 90~')(s )

sky dome angle (v + 90) = (180 - w)

. ^ = 180 - sinM nwsin(tan"1 c/4 )J

this will apply to those slabs with their centres above 
the limiting angle of 47.3°.

/5.6.2 Diffuse Radiation Absorbed in Outer Glass oC^f

For the r<ijs shown in figure 5.5.1 the following
equation was developed for diffuse radiation absorbed
in the outer glass. All the symbols used below have the 
usual meanings and the dashed terms represent diffuse radiation

o(v =  .Ii • UTi,r; + t;,-0- & ) ■ < ■

+ 't'jJ [< f,''t'-r < 7,'1 •
VF^ j and VFb1 are the view factors for the outer glass
and rear and front transwall glass respectively, see
5.6.3 and 5.6.4 and is the diffuse radiation that enters 
the outer transwall glass.

5.6.3. Diffuse Radiation Absorbed in Inner Glass,a--------------------------     g2.
View Factors

a) Normally for diffuse radiation reflected from ground 
onto a vertical wall, the ground is (relatively) infinite



o.\s

view factor

and the view factor is 0.5.
In the case of the transwall bottom 
to back wall the view factor is less.
It is necessary to make an arbitrary 
assumption to simplify calculation, 
that only the lower. 2 slabs of the 
inner transwall glass receive 
reflected diffuse radiation off 
the base. This assumption is 
consistent with the acceptance 
factor used for beam radiation 5.4.4.

The values in figure 2.6.3a give
VFb = 0.297 from Qzisik (8 ).

b) The adoption of ^  means that one sky dome view factor,
. \ { 1 + cos ̂  ) will apply to all elements on one row,
i.e. with a common value provided they are outside the
hatched volume, >

The view factor for the inner glass will be

VF2 (j) = 0.5^1 + cos£ X,( 3 ) + 9o| + (1 + IR^ )• jo ̂

and ^ ^ 2 = VF^(j), and p g is the ground reflectivity

viWe. V F blCp =  o-5  ̂1 +C05^'(j)+3o]yVFb K fcp=J,[iWr(a|

5.6.4 Diffuse Radiation Absorbed in Water Slabsf oi'w.

A view factor is used for diffuse radiation striking 
the "front" of the slab from the sky and from the ground. 

The diffuse radiation reflected from the inner transwall



\

glass is an order of magnitude 
less than from the front and a 
simplifying assumption of unit 
view factor can be taken with 
distances calculated to the 
slab centre. If this assumption 
is not made then the accurate 
alternative is to integrate over 
the surface noting that both the 
water and glass path lengths 
vary and consequently the strength 
of the rays striking the slab 
will also vary. The computational . 
complexity is considered unjustified 
for the small.gain in accuracy.

The diffuse radiation from the sky 
(but not the ground) reflected off the 
bottom glass is assumed to be partially 
absorbed within the lower two water 
slabs to be consistent with the ;• . 
assumption of the inner glass.

The perpendicular component of diffuse radiation 
absorbed in water slab (i,j) is:

< * ; ■ >  =  .I* ( i - t V .  ) { v f w - ^ w  +  ,T'w • (fl

+ (i~ / v  ?<">}+ vM p / - & + a -p; >•

where VF^ and VFk* are the view factors of slabs receiving 
sky andk diffuse radiation, and only sky diffuse radiation



5.7 SINGLE WAVEBAND ANALYSIS

The aim of the analyses of the present chapter were 
to produce an analytical package for the transwall which 
would run on a micro. However, when it became clear 
that the capacity of most nominal 64k micros would be 
exceeded it was decided to modify the program to give' 
a choice of a single waveband thus avoiding the 8 and 
12 waveband cycles for each volume. Correlations relating 
average exctinction coefficient values and path lengths 
had to be developed for both water and glass substances, 
see Appendix E.

The equations developed for the absorption of radiation 
by the various slabs were also modified in order to 
consider the passage of the rays through water as 'one*. 
This is demonstrated in the example below.
Consider the ray passage shown in figure 5.7.
Instead of considering three 
separate transmittances namely
r: * n  . 'z , the ray throughws w r w 5 J
the water is considered as 1 one '4 
In this case an overall path 
length is defined as:

L = L + L + L s r w r w ws

hence

'Z = exp( K • L ) s r v w s r

r\j

ws



5.8 TREATMENT OF BACKWARDS RADIATION FROM ROOM

Allowing that the spectrum of room reflected radiation 
consists of short wavelengths then one solution is simply 
to treat the room reflected radiation as diffuse, and 
then add it to the diffuse radiation reflected from the 
inner transwall glass/air interface. This has the
advantages of apparent simplicity an<3 the fact that 
the energy distribution with wavelength will be much 
the same for both diffuse radiation fluxes.

The shortwave radiation reflected from the room falling 
on the rear transwall glass is likely to vary with the 
sun's position. Measurements were undertaken to quantify 
the dependance and the results were used to obtain a 
variable factor with which the back radiation should 
be multiplied.

5.8.1 Room Radiation Measurment

Data was obtained on a 
fairly sunny day. The 
radiation after passing 
through the glass was 
measured by one of.the 
R. S.component silicon 
cells at position 1 , see 
section 5.9., Another 
one of the triple silicon 
cell detectors was at 
position 2 to measure the 
back radiation from the 
room and the radiation



transmitted through the transwall. The radiation through

the glass was checked against the vertical solarimeter,S, 
and good agreement was achieved.

It is reasonable to assume that, for a given position 
of the sun, the reflected radiation is a straight fraction 
of the' energy entering the window less what is absorbed 
in the transwall and measurements of radiation were made 
■to validate this assumption. The quantity p  is defined 
as

jO = ’reflectance’ of room obtained by measurement

diffuse radiation falling on plane of room at 
___________rear transwall glass________________
radiation entering room—radiation absorbed 

in transwall
jo is shown plotted against the solar azimuth angle in 
figure 5.8.1b. Also shown is the fitted curve given 
by

p r = 0.175 cos£l.5(a +

where a is the solar azimuth (+am, -pm) in degrees.

.175

Figure 5.8.1b
.150

fr
.125

measurement.100
fitted curve

'.075

-605010 0 -10 -20 -30 -40
s o l a r  a z i m u t h  a n g l e

2030



This curve is asymmetric because of the asymmetric 
interior of the solar test cell and equipment.

Clearly in the computer program it is necessary to 
evaluate the denominator for the expression defining 
p j namely the radiation entering the room and the radiation
absorbed in the transwall. The former is easily calculated 
but not an accurate value for the latter without a complete 
iteration. The room radiation, however, is small, circa 
57o of the incident radiation on the front of the transwall 
and so an approximation is used in which the absorption 
is calculated as a single ray in a one dimensional system.

A{„ = transwall area 
Ib = beam radiation 
la = diffuse radiation

= transmittance window glass beam/diffuse 
= reflectance glass beam/diffuse

When the room radiation is taken into account the 
following equations for room radiation absorption 5.8 .la- 
5.8.lb are added to equations, 5.6.2 — 5.6.5. In the 
analysis of the backward radiation from the room, the 
view factors are taken as unity and the reflections from 
the bottom glass are ignored since the extra complication 
is not justified- by this second order effect. The rays 
considered are shown in figure 5.8.1c.

where Q A = radiation absorbed



Figure 5.8.1c

-room

Front Glass

{oi * > r  “ + a gf’)-f r  • l r

Rear Glass

(** )f = (1-7 l + T g2

Water Slabs

<*wJr- d'/>; >

T r  • lr

X, ^   ̂Tyy, - Tf) +

mp x  *(i~ £  -Ti)

where
T  k = exP j-kw- lw + (p- i)

' C O S 0 gw }
X - [ =  exp (lw +Sia) cos0gw

T  m = exp\-k- W ‘ lw + (i - 1) * a
C O S 0 gw

are the different transmittances considered and Ir is 
defined as:

ir = radiation entering room —  radiation absorbed
in transwall



5,9 COMPUTER PROGRAM VALIDATION

The computer program for the absorption of radiation 
was validated by measuring the ratio of the normal incident 
radiation on the transwall to the- normal radiation 
transmitted. These measurements were undertaken with

R.S. component silicon cells (ref. no. 307- 137) which
had been calibrated against the Kipp and Zonen solarimeters.

a  . ,The calibration was carried out with 0.22/resistors connected 
across the silicon cells and the output, the voltage 
across the resistors, recorded as mV on the Orion logger. 
The calibration constant was linear up to an angle of 
incidence of 45° and thereafter a cosine correction 
is normally applied up to the' limiting angle of 75° incidence. 
The silicon cells form part of 2 matched radiation 
detectors. Each has three cells permanently fixed to 
3 faces of a 4 cm cube mounted on a levelling stand.

One cell was located parallel to the window and .the 
other immediately behind the transwall opposite the centre 
of slab 3 in a 5 vertical slab division. The external 
beam and diffuse radiation were recorded from the global 
and shade ring Kipp and Zonen (CM5) solarimeters. The 
radiation striking the transwall was measured by another 
Kipp and Zonen (CM3) solarimeter orientated vertically 

and used as a check on the silicon cell by the window. 
The transwall was filled with distilled water. The measured 
transmittance is taken as the ratio of the radiation 
incident on the cell behind the transwall to the radiation 
incident on the cell immediately behind the window.

The program was run using 6 wavebands from 0.35 Jo-n 
to 1.1 jL».m. Longer wavelengths were discarded because 
the silicon cell has a cut off at 1 . 1  Lm.



over a range of solar angles and it is concluded that 
the program has been validated.

0o 0
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+63 23.6 17.0 28.8 789 91 52.9 52.6
+ 3 24.9 0.8 24.9 822 74 53.5 53.8
57 23.8 15.4 28.1 820 59 53.6 54.6

117 20.5 31.0 36.6 788 55 52.9 53.6
177 15.3 45.6 47.5 671 48 51.4 51.9

5.10 MODEL SIMULATION RESULTS

The analyses and equations developed in this chapter 
and used to construct a computing program, now validated, 
was run to investigate the parameters governing the 
absorption of radiation in a transwall. The time taken 

per run is about 25 minutes on a Commodore 64 micro.
The RAM was found to be inadequate for the size and 

complications of the calculations. This was the reason 
for reducing the number of horizontal water slabs from 
9, as it was originally suggested, to 5 using an 8 waveband 
spectrum. When the 12 waveband spectrum was employed 
a further reduction to 3 horizontal water slabs was 
necessary. Therefore, it is strongly recommended that 
the future running of this program is done on a larger 
capacity micro especially when it is going to be a sub
routine of the finite difference method for predicting 
the temperature distribution within the system. Another, 
probably better, alternative is to convert it to a Fortran 
to run on the mainframe computer.



The computing program was run to investigate the following:

a) the total radiation absorbed in water varying the
.number of water slabs,

b) accounting for the backward radiation coming, from
the interior of the test cell -

c) the effect of having two different spectra for beam
and diffuse radiation

d) the effect of replacing the rear transwall glass
with an Antisun glass

e) the enhancement of absorption using a dye such as
Lissamine red

f) the effect of different air masses for the absorption
of beam radiation in the transwall

g) the effect of different clearness indices for the
absorption of diffuse radiation in the transwall

h) the effect of wavelength dependant refractive indices
for water and glass

i) the effect of using 1 2 , 8 , and single wavebands

The following input conditions were used:

208.1 W m -2 1 ^ ^  519.8 W m '2 " f = 62°
day no. = 6 9  time = 12 noon
The absorptions quoted are in Watts/metre length/module.

a) First of all the effect of the number of horizontal
water slabs was investigated ' for the above input conditions 
for 8 wavebands, 5 vertical slabs, diffuse radiation
having the same spectrum as beam, and no room radiation.

Table 5.10a shows this effect for varying the number 

of water slabs from 1 to 5.



TABLE 10a

The No. of water Total radiation absorbed,
(horizontal) slabs in water (in Watts)

1 68.710
2 68.601
3 68.585
4 68.584
5 68.609

Therefore if just the radiation absorbed in the transwall 
water slabs is needed, say for a lumped system approach, 
then one water slab can be safely used saving a lot of 
computing time.

b) The computing program provides us with a choice to 
take into account the backward’ radiation coming from 
the interior of the test cell. As explained in 5.7 
for simplicity this is only going to alter the diffuse 
radiation absorbed by the transwall volumes. The above 
mentioned input conditions were used with the only change 
that room radiation is included. The results are summarized 
in table 5.10b.

TABLE 5.10b
r r n r Percentage increase in

Diffuse radiation D i f f u s e - T o t a l  
absorbed (in Watts)

front glass 21.02 19.35 8.0 2.1
 ̂ 1 15.60 15.47 0.8 0.2
* 2 1.36 1.22 10.0 2.9

• h 3 1.04 0.89 14.2 4.8
% 4 1.03 0.83 19.0 6 . 8
| 5 2.94 0.76 74.1 46.7

rear glass 10.70 6.56 38.7 13.4

RR = .account is taken for the 'room radiation' 
NR = no room radiation



These results are by no means absolute because the 
percentage increase depends on the amount of radiation 
falling on the transwall and on the number of rays considered 
for the backward radiation.

The method adopted here for including the backward 
radiation falling on a transwall.. shows that it is essential 
that it be taken into account for the accurate determination 
of the radiation absorbed by the rear glass and last 
water slab.

c) The program was run to determine the effect on the 
absorption of the various transwall slabs of having two 
different spectra for beam and diffuse radiation. The 
spectrum of diffuse radiation used was for a clearness
index greater than 0.7 (i.e. very clear skies)
8 wavebands ref.(3).

TABLE 5.10c
Diffuse
absorbed

radiation 
(in Watts) D i

% change 
f f u s e

in
T o t

one spectrum two spectra

front glass 21.02 18.25 15.2 3.6

1 15.60 8.75 78.2 13.9w
■8 2 1.36 1.01 34.1 7.9
M 3 1.04 0.84 24.1 7.0k<u 44J 1.03 0.89 15.2 5.0<tf* 5 2.94 5.45 46.0 34.9

rear glass 10.70 14.31 25.3 10.4

Total radiation is beam plus diffuse radiation.

From the above table it can be seen that even for clear 
skies, where the diffuse radiation spectrum differs 
less when it is compared with the direct radiation spectrum/ 
there is a considerable change in the amount of radiation 
absorbed by a transwall.



d & e) As it was mentioned in Chapters 1 and 3 there 
are several ways of enhancing the absorptance of a transwall 
Table 10d,e below shows the various absorptances for 
3 cases: A is an ordinary transwall,B it uses Antisun
glass for its rear transwall glass and C 20 ppm of Lissamine 
red 3GX dye is mixed with water.

TABLE 5*lOd,e

front glass

t a 1 R a d i a t i o n  A b s o r b
(in Watts)

A(ordinary) B(Antisun) C(dye)

76.87 74.51 75.46

49.22*) •49.04" 87.35 y
4.39 4.19 31.48 /
2.88 2.67 > 22.58 /66.38 62 .26 178
2.71 2.43 , 17.69
7.18' 3.94'' 19.09 J

34.59 140.20 23.33

1

9 2
H  3w J

Id 5

rear glass

From the above it can be seen that when Antisun glass 
replaces the rear ordinary transwall glass there is an 
increase of 75.3 7o in the absorption of the rear glass 
and a decrease of 6.6 7, in radiation absorbed by water, 
but when 2-0 ppm of Lissamine red dye is used there is 
an increase of 65 7, in water and a decrease of 48.2 7o
in rear glass absorption.

The slight reduction of the radiation absorbed in 
the front glass and water slabs for the Antisun case, 
is because in the above calculations the radiation coming 
from the room was considered, thus when Antisun glass 
forms the rear transwall glass it allows less radiation 
through the transwall hence the above reduction.



f) The effect of choosing different spectra for beam 
radiation for three different air masses was investigated. 
Table 5.10f belowk the absorption of radiation in the 
transwall for air masses 1,2, and 4, for 8 wavebands 
while the angle of incidence was kept constant "at 30°. 
For the location of the test cell in Glasgow it was found 
that the smallest possible zenith angle is 32.4°, occuring 
on June 22nd at 12hr 19sec local time, giving a minimum 
air mass of 1.18.

Air mass 
Surface

front glass

oC
■8rH
CO

TABLE 5. lOf

1 2 4
B e a m R a d i a t i o n A b s o
57.12 ' 58.62 61.03

39.72 40.47 45.47
3.17 3.37 3.56
1.89 2.04 2.18
1.67 1.81 1.94
1.60 1.73 1.84

20.04 20.28 19.68

& 4
Id 5> b

rear glass

It can be seen from table 5.10f that the radiation 
absorbed by the transwall when spectra corresponding 
to air masses 1 and 4 are used and compared with air 
mass 2 spectrum the percentage difference is not great. 
As it was stated earlier,5 . 2.8, -for most engineering 
calculations the air mass2spectrum can be safely employed.

g) The effect on the absorption of- diffuse radiation 
of the transwall by increasing the number of wavebands



from 8 to 12 was investigated. Also the effect on the 
absorption using different clearness indices for the 
diffuse radiation was investigated for 3 water slabs.

TABLE 5. lOg

Surface Percentage N u m b e r o f  w a v e b a n d s
difference 

in diffuse 12 8 8 8 8
relative 
to 12 
wavebands

C 1 
.7

e a r n e 
.5<k,<7

s s i n  
. 25<kT<. 5

d e x 
k,<.25

Glazing +9.3 5.80 6.34 5.96 5.82 5.82

Front glass ~3.1 19.83 19.21 19.00 19.69 20.08
wSlab 1 a +26.8 
t

Slab 2 e -6.4
5.08
1.72

6.44
1.61

11.48
1.48

13.23
1.55

14.41
1.58

Slab 3 ~ 2.9 4.81 4.67 4.58 4.00 3.76

Rear glass +10.6 18.49 16.52 12.42 11.61 11.23

The best agreement in absorption between the 12 waveband 
diffuse spectrum and the 8 wavebands spectra for different 
clearness indices from table 5.10g was the one corresponding 
to k T̂ >. 7. That was expected since the 12 waveband spectrum 
it is for cloudless atmosphere, see chapter 2.

h) The effect of wavelength dependant refractive indices
for water and glass on the absorption of the transwall 
was investigated. The refractive indices were split 
into 8 and 12- wavebands. Hardly any difference (~ 1%)
in the results was observed. Therefore the extra complication 
and computing running time was not justified with the 
slight improved accuracy achieved by splitting the refractive 
indices into wavebands.



i) Finally the effect of increasing the number of wavebands
from 1 to 8 and then to 12 was investigated. The results
for beam and total radiation absorbed by the transwall
for the three above mentioned cases are shown in table
5.10i. The percentage difference in the absorption
by increasing the number of wavebands from 8 to 12 is
also shown.

TABLE 5.10i

Beam radiation absorbed Total radiation absorbed
waveband no. 
surface

12 8 % 12 8 %

glazing 14.45 13.19 ~ 8.7 20.25 19.58 - 3.3

front glass 62.42 58.86 - 7.2 83.25 78.06 - 6.2
slab 1 w 22.77 26.67 +17.1 27.85 33.93 +18.9
slab 2 a 

t
4.00 3.80 - 5.0 5.72 5.41 - 5.4

slab 3 e r 3.44 3.23 + 6.1 8.26 7.90 - 4.3

rear glass 24.89 25.88 +4.0 42.39 43.39 +2.3

TABLE 5.lOi

Beam radiation absorbed Total radiation absorbed
waveband no. 8 single % 8 single %

s u r f a c e

glazing 13.19 14.44 +8.6 19.56 20.63 + 5.5
front glass:' 58.62 76.02 +29.7 . 76.87 103.32 +34.4

slab 1 . 40.47 43.48 +7.4 49.23 62.39 +26.7
slab 2 3.37 4.43 +31.4 4.39 6.98 + 59.0
slab 3 2.04 2.81 - 2.88 4.61 +60.1
slab 4 1.82 2.08 +14.3 2.71 3.63 +33.9
slab 5 1.73 1.66 - 4.0 7.18 5.48 -23.7

rear glass 20.28 30.37 - 34.59 45.14 +30.5



From tables 5.10i it can be seen that increasing the

number of water slabs the absorption in water falls.
The single waveband analysis overpredicts the amount 

or radiation absorbed by the transwall with worse agreement 
in diffuse radiation absorbed. These results suggest 
that the single waveband analysis is incapable of giving 
accurate absorption values without undue complexity, 
and the raison d'etre for the single waveband is the 
avoidance of complexity.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

Achievements
The following are the major ' achievements described 

in this thesis.

1) The transwall system has been reviewed and its 

advantages and design criteria given.
2) A ’Glasgow atmosphere’ has been developed which,
for the usual test conditions of clear skies, gives the
i-rcaA’i&nte 1 eve 1 s in the various wavebands for varying air 
masses.
3) The absorption/extinction coefficients for various
dyes and transwall materials have been measured.
4) The accuracy of the lumped system approach has been
investigated and its application critically examined.
It is concluded that it can predict the temperature rise

+with an error of about 207, for a glass transwall, and 
with an error probably substantially lower for the 
plastic film transwall.
5) A computing program for the two-dimensional absorption 
of radiation in the transwall has been written and validated. 
This is the first major step in a programme to analyse 
the performance of a transwall using the finite difference 
method believed necessary as a result of the analysis 
using the lumped system.

Future Work

In order to calculate the absorption of radiation 
in the transwall, whether by the lumped system or by 
finite differences, it is necessary to know the various 
absorption coefficients of the absorbing media as a function
‘t- Subject "U IKe



of wavelength or, in practice, of wavebands. Unless 
new dyes are used the absorption coefficients already 
measured should suffice. Probably Lissamine Red 3GX 
will be used as the 'test' dye.

The accurate determination of the *• levels
associated with each waveband is a crucial factor in 
the absorption of energy in the transwall. The fractional 
irt-adiwe in each waveband, in this thesis, is tied only 
to clear sky radiation, since it was thought to be the 
logical start into the problems of the solar energy on 
partly cloudy and cloudy skies. Although only one class 
of sky conditions for the fractional energy is presented 
in Appendix I, the whole concept is much more complicated 
than that and a proper investigation might become necessary. 
The depletion of the direct beam by the clouds depends 
on the type of clouds, their thickness, and the number 
of layers.

There are a number of authors among them Liu and 
Jordan (55), Hollands (56), Carroll (57), Collares-Pereira 
and Rabl (58) who have developed models and correlations 
for the theoretical determination of direct, diffuse 
and directional intensity of diffuse radiation, using 
sunshine and total cloud cover data. A more powerful 
model suggested in future work should require data on 
the type and optical properties of clouds, cloud amount, 
thickness, position, and the number of layers for the
appropriate location.

The experimental work requires improvements. The
radiation reflected about the test cell needs to be
quantified better and a system to log the output from 
six silicon ’ cells has already been installed, see



photograph 3 . The fitting of the experimental data
collected from measurements of the temperature of an even 
larger number of points inside the transwall module of 
the test cell would allow the calculation of the effective 
conductivity for this particular transwall module. The
single values for the four different test cell conditions
of the heat transfer coefficients, see Appendix C, are 
too uncertain for accurate work. The variable nature 
of the heat transfer suggests, that 'heat transfer meters' 
should be used and logged. What sort, or design, of 
meter is unclear at present but an instrument might be 
developed .in which the temperature change of a small
disc heated under computer control could be related to 
the heat transfer coefficients. In evaluating heat transfer 
coefficients it would be useful to have knowledge of
the air velocities in the vicinity of the transwall module 
and this could be achieved by modified vane type anemometers 
reading down to 0.05 m/s. These velocities could be 
used in a heat loss correlation obtained by allowing 
the transwall to cool and calculating the energy released. 
The insulation around the 'non operational' surfaces
of the module has already been improved, see photograph
I.1 in Introduction.

The lumped system approach could usefully be tested
with the plastic membrane type transwall. This would
not suffer from raised glass temperatures and is probably 
accurate enough, certainly for a glasshouse application
where the temperature ratio • K is more likely to be close
to unity. Another approach to treating a glass transwall 
would be to produce a correlation which would link the 
elevated glass temperature to the glass properties,



dimensions, external heat, transfer, and ultimately to 
the lumped water temperature. Alternatively a method 
might, be to create three 'lumps' rather than one in order 
to vary the temperatures of the glasses and the water. 
However, this would require knowledge of the heat transfer 
between the glasses and the water which, in effect, is 
a return to the problems of quantifying the effective 
conductivity.

A computing program to evaluate the temperature 
distribution and circulation patterns within, and the 
heat transfer without, the transwall, should be constructed 
and then be incorporated with the current two dimensional 
program. The construction and linking should be
straightforward with only one major problem: to quantify
an effective conductivity in two -dimensions. Correlations 
do exist for the effective conductivity of a fluid flow 
between hot and cold vertical infinite plate.

Kutaleladze (59) suggests the following correlation for 
the effective conductivity, K , of the above case.

Ke “ ° ‘18 Kw (NGrL' NPr)4
where N g>/3-L - A t N  ̂ Cp

Gr " S)2 Pr • Kw
Rw = waitv

which for water around 20 - 35°C reduces to c<w>doci»v»ty

K = 67.0-K e w
where L is the gap between the plates and AT is the 
temperature difference between the plates.

From the above description it can be seen that the fluid 
flow between the hot and cold plates is not truly the 
transwall situation and it has been found that Kutaleladze ' s



correlation gives temperature profiles somewhat steeper 
than experiment. This correlation could be the broad basis 
for -another applicable to a closed cell. Some preliminary 
work has been done on a heat transfer rig to develop 
such a correlation. A less satisfactory, and time consuming, 
alternative is to write the program first, then develop 
a correlation to fit the measured temperature distribution 
in transwalls of varying aspect ratio. Again some 
preliminary work has been done, but it is unable as yet 
to mimic the curious 'winged' temperature profile which 
exists in practice. In searching for an effective
conductivity correlation some knowledge of the flow patterns 
in the transwall would be most useful. Unfortunately 
velocities are very low, a few mm per minute, and in 
the full size modules are liable to disperse so that 
the accurate tracing of a point, or dye front, is very 
difficult. Furthermore, unless care is taken in the 
choice of a dye the absorption of radiation can distort 
the results... The use of neutral buoyant particles is, 
in some ways, a better solution but the density of the 
water changes as it heats and thus would lead to a short 
time shot only.

In the: longer term after the transwall performance
is modelled, then the ’pay off' can begin when the model 
is incorporated into a sophisticated building services 
modelling program. The considerable potential of the 
transwall, in all its variation, can then be promoted.
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APPENDIX A

SOLAR GEOMETRY AND TIME

The geometric aspects that influence the solar energy incident 
on a collecting surface are considered. Trigonometric equations 
of solar geometry and time are presented.

AJ. . Sun-Earth Distance r
The earth revolves around the sun in an elliptical orbit with 

the sun at one of the foci. Fig. A.I.
• 2 0 / 2 1  MARCH

VERNAL EQUINOX     <&8-0
2 1 / 2 2  JUNE \

SUMMER SOLSTICE » 4  A PRI L - 7
8 «  + 2 3 . 5 V /  /  \

P
----------m 1 . 017 AU--------------------------------- - I t  *  0 . 9 8 3  AU------------------------4.

\\
\ \ _ w 4 JULY /  - «  3 J A N . _ / T f e
\  APHE LI ON  /  PERIHELION f

• ^  2 1 / 2 2  DEC.
« 2 3 . 5 *  >  . /  WINTER SOLSTICE

   *  OCTOBER 8 “ - 2 3 - 5 ’

PLANE

•22/23 SEPT.
AUTUMNAL EQUINOX  

8 . 0
Figure A.l Motion of the earth around the sun.

A-2,. Variation of Extraterrestrial Radiation 
Variation of the earth sun distance however,does lead to variation 

of ̂ extraterrestrial radiation flux, in the range of +3.5% and 
occasionally greater changes occur as when a large sunspot crosse5 
the solar disc. See figure A.2.

The dependance of extraterrestrial radiation on time of the 
year is indicated by:

=Is<. E» (Isc = 1367 Wm'2 ) (A-2)
The amount of solar radiation reaching the earth is inversely 

proportional to the square of its distance from the sun; an accurate 
value of the sun - earth distance is, therefore, important. The 
mean sun-earth distance r, is called one astronomical unit.

1 A U. = 1.496x10” m
Spencer(2) developed the following expression for the eccentricity
correction factor of the earth's orbit,. E 0

E0 = (rc /r)2 = 1.000110 + 0.034221cosr + 0.001280sinjT + 0.000719cos2r

+ 0.000077sin2r (A.2a)*



r, is called the day angle in radians. It is represented by:
r = 2ir(dH - D^/365 (A. 2b)

where dA is the day number of the year, ranging from 1 on 1 January 
to 365 on 31 December.

A.5. Sqlar Declination, &
Solar ̂ declination is the angular position of the sun at: the

noon with respect to the plane of the equator. It is zero at the
vernal and autumnal equinoxes (literally equal nights ) and has
a value of + 23.45° at the summer solstice and — 23.45° at the
winter solstice, see figure A.I. £ can be +ve or — ve in the N or
S hemisphere. Spencer(2) presented the following expression for 
5 in degrees:

£ = ( 0.006918 - 0.399912coslT + 0.070257sinr - 0.006758cos2r

0.000907sin2P -  0.002697cos3r + 0.00148sin3r )•( l& o / v c  )

Error is 1°42' max compared to Cooper's equation.

A.4 Solan Time Equation of Time , Ê

All angles are based on solar time, with solar noon as the 
time the sun crosses the meridian of the observer. Solar time 
generally does not coincide with local time. The two main reasons 
for this variance are:

(1) the earth sweeps out unequal areas on the ecliptic plane 
as it revolves around the sun, and

(2) the earth's axis is tilted with respect to the ecliptic 
plane.

The correction is called the equation of time and again from Spencer 
(2), the following series gives the equation of time ( in minutes).

Ê  = ( 0.000075 + 0.001868cosr - 0.032077sinlT - 0.014615cos2r 
- 0.04089sin2r )• (229. {8) (

Solar time = G.M.T. + Et

T $  =local standard time + 4*(Lj —  L^) + E^ (A.4b)

where Lj is the standard meridian of the local time zone, and
Le is the longitude of the location in question in degrees West.



A.5 Position of the Sun Relative to Inclined Surfaces

Zenith

Normal to 
horizontal surface

Sun

 - .Horizontal plane
Normal to tilted plane

Figure AJ5 Position of Sun Relative to an Inclined Plane

The incidence angle, 0, is defined as the angle between the normal

to a surface and a line collinear with the sun's rays.

For a surface tilted at an angle ^ to the horizontal and having

and azimuth angle a* , figure AS, the angle of incidence is given

by :

cos© = ( sin^ • cosj — cos^‘sin^cosa^) • sinS

+ (cos<j> • cos'J + sin^*sin^ • cosa*) cosS- cosw

>S-sin^* sinaw sinuj (A5.a)+ cost

where j> is the geographic latitude, in degrees, north positive and 
tu is the hour angle, noon zero and.morning positive.

a) Horizontal Surfaces

i.e. = 0°, then equation (A.5a) becomes:



Equation A. 5b can be solved for the sunrise hour angle uJs. 
9 = 90°, therefore equation A.5b results in:

cosw,= - s i n ( f • sinS / c o s ^ ' c o s b

At sunrise,

or <•0̂  = cos"^ (— tan̂ > *tanS)

And also the azimuth angle of the sun at sunrise is 
/ĵ  = cos"1 (-sinS / cos<£)

b) Vertical Surfaces

i.e ^ = 90° then equation (A.5a) becomes:

.(A. 5c)

(A.5c')

cos0 rr-cos^'cosa^sin^) + sin^* cosa^cosS-cos^u + cos'b-sina^inuJ

(A.5d)

I
co•r)•P
■HT3Ctftf
rHrt
•Hu■pw<uuuo•pcdu■pXw

1400 -

1380

1360

1340 .

1320

J F M A M J  J A S O N  
M o n t h

Figure A.2. The variation of extraterrestrial solar radiation with 
the time of the year.

(*) Spencer's equations (A.2a, A.3, A.4a) were chosen for greater
accuracy since all calculations were’ done by computer. . Simpler
expressions do exist (see Duffie and Beckman (4)).
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SOLAR RADIATION TABLES

The solar constant and its spectrum are defined as in table 
B . 1 , ( 6 ) .

j lFrom this table (4 n column) it can be easily verified that 99%
of solar energy is in the wavelength range 0.25 —  4.0 j * .m. At the
end of the same column the irradiance totals 1367 Wm ~ zf and., this 
is the currently accepted value of the solar constant 
i.e. I5C = 1367 Wm‘2 (6).

The solar constant is the total energy of all wavelength received 
from the sun on unit area exposed normally to the sun's rays in 
unit time at the mean sun— earth distance in the absence of the 
earth's atmosphere.

The spectral distribution of solar radiation received at the
surface of the earth, is subject to wide variation because of
the following factors:
1. Variations in the sun itself.
2. Variations in the sun-earth distance. ’
3. Differences in atmospheric scattering

a) by air molecules, b) by water vapour, c) by aerosols.
4. Differences in atmospheric absorption by 0Z , 05, H^O, CO^*

The results of a typical clear sky atmosphere, for the latitude 
of Glasgow, at air mass 2, are presented in table B.5.

The attenuation coefficients of uniformly / gases, water vapour 
and ozone are presented in tables B.2, B.3 and B.4 respectively.
They are all from Leckner(21).

The ozone coefficients are listed for wavelengths longer than 
0 . 2 9 because practically all radiation at shorter wavelengths 
is absorbed by the ozone layer.
Virtually all radiation is absorbed at- ^4.0Jxm. Furthermore, only 
1% of extraterrestrial solar irradiance is contained in wavelengths 
greater than 4.0 ^.m; consequently, these tables are limited to 
this wavelength.

(#) A separate computing program was written to summarize the solar 
irradiance in the wavelength range 0-^ (Fig. B5, columns 3,5,7). 
The program is a special form of Simpson's rule and since the function 
of the curve is not known the inputs were values of the function 
(i.e. the solar spectral irradiance of specified intervals (wavelengths)).
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^ is cne waveiengtn , ±o.̂ m e  buiar spectral iriauiauee
averaged over small bandwidth centred at ^ (Wm'^rrf1), co;
the integrated solar irradiance in the wavelength range 0-^
(Wm~2 ), and percentage of solar constant associated with
wavelenghts shorter than 'j.

% . .
».

«►
T A B L E B.2

SPECTRAL ABSORPTION COEFFICIENTS OF. UNIFORMLY MIXED GASES
X (/zm) X (/zm) X (/zm) k tx

0.76 0.300£ +  01 1.75 0.100E -  04 2.80 0.150£ +  03
0.77 0.210 £  +  00 1.80 0.100£ -  04 2.90 0.130£ +  00

1.85 0.145£ -  03 3.00 0.950£ -  02
1.25 0.730£ -  02 1.90 0 . 7 I 0 £ -  02 3.10 0.100£ -  02
1.30 0.400£ -  03 1.95 0.200£ +  01 3.20 0.800£ +  00
1.35 0 . I I0 £  -  03 2.00 0.300E +  01 3.30 0.190S +  01
1.40 0.100S -  04 2.10 0.240£ +  00 3.40 0.130£ +  01
1.45 0.640£ -  01 2.20 0.380£ -  03 3.50 0.750£ -  01
1.50 0.630£ -  03 2.30 0.110E -  02 3.60 0.100£ -  01
1.55 0.100£ -  01 2.40 0.170£ -  03 3.70 0.195£ - 0 2
1.60 0.640£ -  01 2.50 0.140£ -  03 3.80 0.400£ -  02
1.65 0.145£ -  02 2.60 0.660£ -  03 3.90 0.290£ +  00
1.70 0.100£ -  04 2.70 0.100£ +  03 4.00 0.250£ -  01

SPECTRAL ABSORPTION

T A B L E  B .3  

COEFFICIENTS OF WATER VAPOUR

X (/zm) £w u (cm_1) 2 (/zm) t z ( cra" ‘ ) 2 (/zm) * w u (cm_1)

0.69 0.160£ -  01 0.93 0.270£ +  02 1.85 0.220£ +  04
0.70 0.240£ -  01 0.94 0.380£ +  02 1.90 0.14 0 £  +  04
0.71 0 .1 2 5 £ -  01 0.95 0.410£ +  02 1.95 0 .160£ +  03
0.72 0*.100£ +  01 0.96 0.260£ +  02 2.00 0.290£ +  01
0.73 0 .8 7 0 £ + 0 0 0.97 0.310£ +  01 2.10 0.220£ +  00
0.74 0.610£ — 01 0.98 O .I48£ +  01 2.20 0.330£ +  00
0.75 0.100£ — 02 0.99 0.125£  +  00 2.30 0.590£ +  00
0.76 0.100£ -  04 1.00 0.250£ -  02. 2.40 0.203£ +  02
0.77 0.100£  -  04 1.05 0.100£ — 04 2.50 0 .310E +  03
0.78 0.600£ -  03 1.10 0.320£ +  01 2.60 0 .150£ +  05
0.79 0.175£ -  01 1.15 0.230£ +  02 2.70 0.220£ +  05
0.80 0.360£ -  01 1.20 0.160E — 01 2.80 0 .800£ +  04
0.81 0.330£ +  00 1.25 0.180£ -  03 2.90 0.650£ +  03
0.82 0.153£ +  01 1.30 0.290£ +  01 ' ' 3.00 0.240£  +  03
0.83 0.660E +  00 1.35 0.200£ +  03 3.10 0.230£ +  03
0.84 0.155£ +  00 1.40 0.110£ +  04 .3.20 0.10 0 £  +  03
0.85 0.300£ -  02 1.45 0.150£  +  03 3.30 0.12 0£  +  03
0.86 0.100£  -  04 1.50 0.150£ +  02 3.40 0.19 5£  +  02
0.87 0.100E  — 04 b55 0.170£  ~  02 3.50 0.360E  +  01
0.88 0.260£ -  02 1.60 * 0.100£ -  04 3.60 0.310 £  +  01
0.89 0.630£ — 01 1.65 o o 0 1 o 3.70 0 .250£ +  01
0.90 0.210 £  +  01 1.70 0 .510£ +  00 3.80 0.140£ +  01
0.91 0.160£ +  01 1.75 0.400£ +  01 3.90 0.170£  +  00
0.92 0.125£ +  01 1.80 0.130£ +  03 4.00 0.450£ -  02



( + )
i s  th e  mean 

e f f e c t i v e  h e ig h t  o f  

o zo n e  l a y e r  f o r  

G las g o w

tuoID

<

TOTAL OZONE = 0 .3 5  cm

COo

12 16 20 24

03 X 10 (cm/km)

B. 1 V a r i a t i o n  o f o zo n e c o n c e n t r a t io n  w i t h

g e o g r a p h ic  a l t i t u d e .  A d a p te d fro m  I q b a l  ( 6 )

B.4. SPECTRAL ABSORPTION COEFFICIENT FOR OZO

/. (/zm) ;. (/zm) Kx(Pm ~ l) ;. (/zm) kcx(-C m ~ l)

0.290 3S.000 0.485 0.017 0.595 0.120
0.295 20.000 0.490 0.021 0.600 0.125
0.300 10.000 0.495 0.025 0.605 0.130
0.305 4.800 0.500 0.030 0.610 0.120
0.310 2.700 0.505 0.035 0.620 0.105
0.315 1.350 0.510 0.040 0.630 0.090
0.320 0.800 0.515 0.045 0.640 0.079
0.325 0.380 0.520 0.04 S 0.650 0.067
0.330 0.160 0.525 0.057 0.660 0.057
0.335 0.075 0.530 0.063 0.670 0.04 S
0.340 0.040 0.535 0.070 0.6S0 0.036
0.345 0.019 0.540 0.075 0.690 0.02S
0.350 • 0.007 0.545 O.OSO 0.700 0.023
0.355- 0.000 0.550 0.0S5 0.710 0.0IS
0.445 0.003 0.555 0.095 0.720 0.014
0.450 0.003 0.560 0.103 0.730 0.011
0.455 0.004. 0.565 0.110 0.740 0.010
0.460 0.006 0.570 0.120 0.750 0.009
0.465 0.008 0.575 0.122 0.760 0.007
0.470 0.009 0.5S0 0.120 0.770 0.004
0.475 0.012 0.5S5 0.118 0.7S0 0.000
0.4S0 . 0.014 0.590 0.115 0.790 0.000



1  /Y J3  JL. Ill r>. J  -tt-

D i r e c t D i f f u s e T o t a l G l o b a l  
on horizontal

X I»$
Cl

I r A -  I^+ 1^ i h  (*> »
ijx. m) (Wm2y!*m ) (Wm2 ) ( WirT̂ Um ) ( Wrrf2 ) ( Wm 2yU m ) ( Wm”2 )
0.250 0 .20 0.001 21.50 O.I64 21.70

0.255 0.43 0.001 31.36 0.255 31.79 **

0 .2 6 0 t 0.84 0.005 42.49 0.517 43.43 0.319
0.265 2.44 0.010 89.02 0.556 . 91.46 0.541
,0.270 3.60 0.028 97.11 1.143 100.71 1.157

0.275 3.68 0 . 040 75.33 1.430 79.01 1.450
0.280 3.65 O.O64 57.66 1.903 61.51 1.935
0.285 8.15 0.084 101.36 2.168 109.49 2.210
0 .290 0.00 0.124 0.00 2.675 0 2.737
0.295 0.00 0.124 0.00 2.675 0 2.737

0 . 5 0 0 0.05 0.124 0.09 2.675 0.12 2.737
0.505 1.27 0.126 ’ 3,41 2.681 4.68 2.744
0 . 510 6.77 OJ.44 16.65 2.726 25.40 2.798
0.515 23.09 0.194 :'56,71 2.848 79.80 2.945
0 . 520 40.78 0.577 98.25 3.295 1 3 9 . 0 5 3.483

0.525 64.42 0.551 1 56 . 2 5 3.719 220.65 3.994
0.550 107.09 1.050 251.46 4.919 358.55 5.443
0.535 114.73 1.417 . 247.52 5.751 362.25 6.458
0.540 137.46 2.216 286.86 7.434 424.32 8.540
0.545 139.80 2.677 246.58 8.289 586.18 9.625

0.550 167.20 3.649 261.50 9.957 428.70 11.778
0.555 199.22 4.258 280.22 10. 8 6 0 4 7 9 . 4 4 12.985
O.56O 193.18 5.568 244.62 12.668 437.80 15.447
0.565 248.04 6.502 284.01 13.549 532.05 1 6 . 6 9 4
0.570 274.33 7.991 285.22 15.445 559.55 19.433

0.575 270.81 8.890 256.67 16.550 527.48 20.790
0.580 321.13 10.780 278.47 18.100 599.60 23.470
0.585 260.96 11.740 207.78 18.910 4 6 8 . 7 4 24.770
0 . 590 353.92 15.650 259.59 20.580 615.51 27.180
0.595 319.91 14.750 216.85 21.170 536.74 28.530

(*) See next page for explanation.



(*)

0 . 4 0 0 551.30 17.25 346.32 22.83 897.62 31.44
0.405 555.51 19.09 324.33 23.95 879.84 33-48
0.410 601.68 22.85 327.36 26.12 929.04 37.52
0.415 638.73 24.91 324.66 27.20 963.39 39.64
0 . 420 662.13 29.19 315.16 29.35 977.29 - 43.92

0.425' 663.50 31.39 296.41 30.37 959.91 4 6 . 0 4
0.450 6 0 4 . 2 4 35.69 253.90 32.28 8 5 8 . 1 4 50.09
0.435 735.14 37.91 291.14 33.19 1026.28 52.11

0.440 754.04 42.82 282.00 35.11 1036.04 56.48
0.445 847.24 45.48 299.53 36.08 1146:77 58.78

0.450 949.89 51.28 318.29 38.11 1268.18 63.70
0.455 934.81 54.40 297.31 39.13 1 2 3 2 . 1 2 66.28
0 .460 962.86 60.65 291.06 41.11 1253.92 71.37
0.465 967.59 63.85 278.43 42.06 1 2 4 6 . 0 2 73.92
0.470 977.88 70.30 268:33 43.90 1246.21 78.98

0.475 1014.19 73.61 2 65.62 44.78 1279.81 81.52
0.480 1052;37. 80.53 263.52 46.55 1315.89 86.74
0.485 989.74 84.01 237.21 47.39 1226.95 89.31
0 . 490 1014.48 90.62 2 32.95 48.96 1247.43 94.18
0.495 1052.98 94.05 231.96 49.74 1284.94 96.67

0 . 500 1010.77 100.97 213.81 51.25 1224.58 101.64
0.505 1 0 6 7 . 5 2 104.42 217.09 51.97 1248.61 104.08
0.510 1084.49 111.54 212.26 . 53.41 1296.75 109.07
0.515 1030.14 115.05 194.25 54.09 1224.39 111.50
0.520 1023,50 121.88 186.19 55.37 1209.69 116.18

0.525 1083.31 • 125.37 190.13 56.10 1273.44 118.55
0.530 1122.56 132.63 190.35 57.26 1312.91 123.44
0.535' 1118.20 136.35 183.34 57.89 1301.91 125.92
0.540 1086.92 143.72 172.51 59.09 1259.43 130.80
0.545 1117.23 147.37 171.79 59.67 1289.02 1 3 3 . 2 0

Q is the wavelength (J *m ) , , and I<̂  the beam and diffuse spectral
intensities averaged over small bandwidth centred at Q (Wm~2>/̂ m", ), Z-^n^ 

. and Jfr the integrated solar irradiances in the wavelength
range 0 - ^  (WnT2 ) for beam, diffuse,and global on horizontal, respectively, 
and It} is the sum of the beam and diffuse intensities.



0.550 11 2 9 . 6 2 154.81 168.42 60.80 1298.04 138.05
0.555 1122.87 158.56 162.36 61.3 6 1285.23 140.47
0.560 1100.73 165.96 154.51 62.42 1255.24 145.24
0.565 1111.74 169.63 151.64 62.94 • 1263.38 147.58
0.570 1094.55 176.99 145.12 63-93 1239.67 152.25

0.575 1 1 2 1 . 5 2 180.66 144.76 64.42 1266.28 154.56
0.580 1127.10 188.12 141.77 65.38 1268.87 159.24
0.585 1123.84 191.85 137.85 65r84 1261.69 161.57
0.59 0 1088.08 199.25 130.22 66.75 12 18.30 166.17
0.595 1119.15 202.93 130.67 67.19 12 49.82 168.44

0.600 1082.49 210.29 123.38 68.04 1205.87 172.97
0.605 11 06.06 213.92 123.13 68.46 1229.19 175.19
0.610 1097.98 221.25 119.59 69.27 1217.57 179.66

0.620 1123.59 232.30 117.26 70- 48 1240.85 186.39
O.63O 1096.93 239.75 109.87 71.00 1206.80 190.87
O.64O 1107.43’ 243.20 106.61 71.48 1214.04 192.84
O.65O 1110.96 250.57 102.96 72.18 1213.92 197.21
0.660 109 9 . 6 2 265.28 98.23 73.54 1197.85 205.54

0.670 1080.81 272.51 90.14 74.16 1170.95 210.14
0.680 1075.53 286.83 86.99 75.36 1162.52 218.49
O.69O 1038.34 293.85 81.54 75.92 1119.88 222.55
0.700 1055.89 307.67 80.57 77.00 1136.46 230.54
0.710 105 3 . 6 6 314.69 7 8.22 77.53 1131.88 234.56

0.720 920.10 328.20 66.51 78.54 986.81 242.32
0.730 936.30 334.36 65.96 78.98 1002.26 245.84
0.740 986.04 346.98 67.75 79.86 1053.79 253.01
0.750 993-57 353.55 66.65 80.31 1060.22 256.73
0 ; 760 619.56 365.48 40.22 81.11 659.58 263.50
0.770 850.78 370.38 54.44 81.43 905.22 ‘ 266.25
0 . 780 9 54.29 382.02 59.84 82.17 1014.13 272.80
0.790 908.36 388.20 55.77 82.55 964.13 276.27
0.800 908.30 400.25 54.64 83.30 962.94 283.02
0.810 846.27 406.06 49.91 83.64 896.18 286.28



0.820 749.43 416.95 43.36 84.29 792.79 292.37
0.830 774.23 422.03 43.97 84.58 818.20 295.18
0.840 802.85 431.61 44.77 85.17 847.62 300.55
0.850 816.34 437.79 44.73 85.47 861.07 303.92
0.860 827.63 448.67 44.59 86.06 . 872.22 309.95

0.87 805.59 454.09 42.69 86.35 848.28 312.94
0.88 801.73 464.77 41.80 86.92 843.53 318.84
0.89 769.87 469.98 39.52 87.19 809.39 321.71
0.90 639.03 479:69 32.31 87.69 671.34 327.10
0.91 630.46 483.93 31.40 87.91 661.86 329.41

0.92 619.01 492.26 30.39 88.32 649.40 333.98
0.93 337 495.26 16.35 88.48 354.10 335.72
0.94 281.04 499.53 13.42 88.68 294.46 338.08
0.95 263.56 501.31 12.42 88.77 275.98 339.06
0.96 320.89 505.05 14.92 88.94 335.81 341.08

0.97 521.78 508v00 23.95 89.07 545.73 342.60
0.98 566.99 515.10 25.71 89.40 592.70 346.46

0.99 629.16 519.12 28.18 89.58 657.34 348.62
1.00 637.01 527.50 28.19 89.96 665.20 353.18

1.05 576.81 530.00 24.15 90.30 600.96 355.30
1.10 422.54 548.25 16.82 91.00 439.36 365.13
1.15 248.64 569.01 9.45 91.64 258.09 375.69
1.20 436.90 580.61 15.93 92.06 452.83 381.79
1.25 436.66 609.61 15.33 93.11 451.99 397.31

1.30 315.58 622.00 10.68 93.54 326.26 403.97
1.35 38.96 637.90 1.28 ' 94.10 40.24 412.69
1.40 1.18 638.51 0.04 94.12 1.22 413.04
1.45 42.17 639.36 1.30 94.15 43.47 413.44
1.50 159.03 642.98 4.76 94.25 163.79 415.21

1.55 245.51 655.20 7.17 94.60 252.68 421.55
1.60 214.57 662.83 6.14 94.83 220.71 425.58
1.65 212.52 677.04 5.90 95.23 218.42 433.08
1.70 182.26 683.56 4.94 95.41 187.20 436.52
1.75 133.57 694.78 3.54 95.72 137.11 442.47

1.80 27.80 697.04 0.72 95.79 28.56 443.87
1.85 0.04 698.28 0.00 95.82 0.04 444.60
1.90 0.21 698.28 0.01 95.82 0.22 444.60



a. ju • w t -  vy ✓  ̂  •

2.00 57.36 •700.16 1.42 95.86 58.78 445.31

2.1 74.03 706.80 1.73 96.02 75.76 448.73
2.2 65.60 710.00 1.47 96.09 67.07 451.09
2.3 54.20 713.23 1.18 96.15 . 55.38 452.07
2.4 28.48 715.76 0.60 96.21 29.08 453.50
2.5 2.79 718.32 0.06 96.27 2.85 -455.02

2.6 1 .0,00 718.34 0.00 96.27 0.00 455.07
2.7 0.00 718.34 0.00 96.27 0.00 455.07

' 2.8 0.00 718.34 0.00 96.27 0.00 455.07
2.9 0.37 718.36 0.01 96.28 0.38 455.08
3.0 2.05 718.51 0.04 96.28 2.09 455.12

3.1 1.93 718.81 0.03 96.28 1.96 455.26
3.2 3.40 719.03 0.06 96.29 3.46 455.35
3.3 2.23 719.37 0.04 96.29 2.27 455.56
3.4 1.31 719.45 0.02 96.30 1.33 455.62
3.5 5.39 720.05 .0.09 96.30 5.48 455.78

3.6 9.66 720.80. 0.15 96.31 9.81 456.04
3.7 9.01 722.09 0.14 96.33 . 9.15 456.69
3.8 8.66 722.72 0.13 96.34 9.79 456.99
3.9 7.74 723.87 0.1-2 96.35 7.86 457.57
4.0 7.91 724.40 0.12 96.36 8.03 457.83

4.1 7.45 725.42 0.11 96.38 7.56 458.36
4.2 6.74 725.93 0.10 96.38 6.84 458.61
4.3 6.26 726.81 0.09 96.40 6.35 459.06
4.4 5.78 727.17 0.08 96.40 5.86 459.28
4.5 5.30 727.92 0.07 96.41 5.37 459.65

4.6 4.83 728.26 0.07 96.42 4.90 459.82
4.7 4.35 728.89 0.06 96.43 4.41 460.14
4.8 3.86 729.16 0.05 96.43 3.91 460.28
4.9 3.63 729.66 0.05 96.44 3.68 460.54
5.0 3.36 729.90 0.04 96.44 3.40 460.66

6.0 1.70 731.50 0.02 96.46 1.72 461.31
7.0 0.93 731.75 0.01 96.46 0.94 461.50
8.0 0.54 731.90 0.01 96.46 0.55 461.67
9.0 0.34 732.20 0.00 96.47 0.34 461.82
10.0 0.20 732.60 0.00 96.47 0.20 461.82

25.0 0.12 734.69 0.00 96.47 0.12 463.06
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OPTICAL CONSTANTS OF WATER,DYES AND GLASS 

C.l Percentage error when improper averaging of polarization is used

TABLE C.l

Angle of incidence 30° 45° 60°

Total transmittance ' ~  0.3
Total reflectance 0.2 0.9
Total absorptance __ ,
Absorptance front glass _ ___
Absorptance water dye __ _
Absorptance rear glass . _  —

C.2 Optical constants of water at 25 °C 
kw = absorption coefficient

1.2
1.4
0.2

0.3

75'

4.3 
0.9 
0.6 
0.3 
0.5
1.3

n„, = refractive index

TABLE C.2
1

C M C M A( M U-')
0.250 3.35 x 102 1.362 0.800 1.25 x 10 1.330
0.275 2.35 1.354 0.825 1.80 t> 1.330
0.300 1.60 1.349 0.850 2.79 it 1.330
0.325 1.08 1.346 0.875 3.71 II 1.329
0.350 6.50 x 10-3 1.343 0.900 4.86 // 1.329
0.375 3.50 1.341 0.925 9.65 // 1.329
0.400 1.86 1.339 0.950 2.67 1.328
0.425 1.30 1.338 0.975 3.74 1.328
0.450 1.02 1.337 1.00 3.10 1.327
0.475 9.35 x 10'4 1.336 1.05 1.40 1.327
0.500 1.00 x 10'3 1.335 1.10 1.68 1.326
0.525 1.32 1.334 1.15 8.87 1.326
0.550 1.96 1.333 1.20 10.94 1.325
0.575 3.60 1.332 1.30 13.80 1.32.4
0.600 1.09 x 10“2 1.33^ 1.40 • 138 1.322
0.625 1.39 1.331 1.50 230 1.320
0.650 1.64 1.331 1.60 90 1.318
0.675 2.23 1.331 1.70 77 1.315
0.700 3.57 x 10~2 1.331 1.80 125 1.312
0.725 7.38 1.331 1.90 870 1.310
0.750 1.6 2 x 10“1 1.331 2.00 1100 1.306
0.775 1.48 1.330 2.10 455 1.302



C.3 Average optical properties of water and clear float glass

TABLE C.3
wavelength

band■(pi)
g 1 a s s

V P (m'1) nw (J) k (m'1)
0.250 - 0.350 1.81 X 10“2 1.351 550.00 1.511
0.350 -0.390 4.30 X 10~3 1.344 24.02 1.514

0.390 - 0.455 1.43 X 10 *3 1.338 11.13 1.515
0.455 - 0.499 9.66 X 10'* 1.336 8.65 1.517
0.499 - 0.575 1.95 X 10"3 1.334 7.33 1.512
0.575 -0.595

-
7.00 X 10'3 1.333 9.17 1.517

0.595 - 0.620 1.15 X 10'* 1.332 11.82 1.513
0.620 - 0.770 6.86 X io'1 1.331 23.34 1.511
0.77 - 0.9 2.65 X 10'‘ 1.330 47.76 1.514
0.9 - 1.2 4.16 1.327 54.92 1.512
1.2 - 2.1 311 1.315 55.24 1.511
2.1 - 25 oo 1.342 250 1.510

C.4 Optical density of various dyes

From the experimental graphs 3.7.1b and D.2, values of the optical 
density were extracted over, a 0.025 yUm interval for four different
dyes. These results are listed in table C.4 below.

TABLE C.4
0 P T  1 C A L  S P E  C T R A L D E./v

(jAm) A. (a. C/S. M.O. l .'R.

0.250 0.767 0.354 0.124 0.568
Q. 275 0.859 0.257 0.175 0.421
0.’300 0.690 0.180 0.123 0.596
0.325 0.449 0.238 0.070 0.346
0.350 0.426 0.165 0.073 0.127
0.375 0.369 0.113 0.190 0.113
0.400 0.275 0.089 0.341 0.120
0.425 0.210 0.053 0.470 ,0.124
0.450 0.135 0.061 0.568 0.169
0.475 0.070 0.162 0.551 0.287
0.500 0.046 0.305 0.347 0.423
0.525 0.030 0.409 0.110 0.430
0.550 0.026 0.363 0.000 0.281
0.575 0.048 0.183 0.000 0.084
0.600 0.099 0.001 0.000 0.014
0.625 0.172 0.000 0.000 0.000
0.650 0.235 A // //
0.675 0.271 // / //
0.700 0.291 t'f // //
0.725 0.289 // r

(*)



C.5 Calculation of average absorption coefficient for a waveband

The radiation transmitted over a waveband d5\, is given by

Ijj = d^*exp(-kCL)

where is the spectral irradiance, k is the absorption coefficient
of the dye/water solution, C is the concentration, L the path length. 
However,, it is impractical to integrate under the spikey intensity- 
wavelength curve and it becomes necessary to use numerical integration 
to produce "mean effective" absorption coefficients for each of the 
wavebands. The mean absorption coefficient is defined by the relation

In practice the product K^C x is obtained as a fraction from the 
absorption curves generated by the spectrophotometer and x is taken 
simply as the cell thickness. The fraction of energy, as detailed 
in section 3.7, is- a -function of air mass and, of course, the nature 
of the radiation, viz beam or diffuse. Since beam radiation dominates
the transwall absorption, and observing the rule "when in doubt use
air mass two", the fractional energy,f.^ , is appropriate to beam 
radiation, a.m. 2, and its waveband is unity, a half micron on each 
side of the designated wavelength.

It should be noted, though, that a straight arithmetic average
of the product, C x, will yield a mean absorption coefficient that 
is accurate enough for most purposes. For example, for Lissamine 
red 3GX over the fairly wide waveband 0.4-0.6J*m the arithmetic average
for is 0.332 x 10G m”* while the more accurate method gives
0.315 x 10C m_< , a difference of only 5%. Note further that since
the water/dye solution is measured relative to water the absorption
coefficient k^ is described as 'dye over water', i.e. the absorption 
coefficient of water alone for the same waveband has to be added
to km to give the absorption coefficient of the solution.
   - ■ ,       .

(*) A.G., C.R., M.O., L.R. in table C.4 correspond to Acid Green
at 31 ppm, Carbolan Rubine at 22 ppm, Methyl Orange at 10 ppm, and 
Lissamine Red at 40 ppm respectively.

where F

x
C

f
= fraction of energy in waveband ^  - Oiz
= fraction of energy in waveband + Vz ̂  at \

-  mean absorption coefficient 
= concentration 
= path length -
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APPENDIX D
EXPERIMENTS IN DETERMINING THE SPECTRAL ABSORPTION 

COEFFICIENTS OF DYES

Optical absorption data on various dye solutions were recorded 
on a Beckman spectrophotometer at ambient temperature in the visible 
and near infrared portions of the spectrum. The type of
spectrophotometer used is a two-beam two-detector instrument in which 
light from the momochromater is divided by a beamsplitter and passes 
simultaneously through the sample and the reference and is incident 
on two photodetectors, figure D.l.

mirrorsr- -vr - -1
phototubes referencerecorder

control ■ 
station

logarithmic amplifiers sample light source

optical filters

Figure D.l Schematic diagram of the spectophotometer used.

The currents from these phototubes are amplified in logarithmic 
amplifiers and the difference in the amplified signal is then taken 
and is proportional to the concentration of the sample. The use 
of logarithmic amplifiers allows one to achieve a signal which is 
proportional in a linear fashion to the concentration of the material 
being analysed in the sample. From the above it can be seen that 
the quantity measured on a readout device is the spectral optical 
density of a substance, see 3.2.2.

Two identical cells of layer thickness 1 cm were used in a 
double-beam absorption measurement. is measured directly since



interface relations common to both sample and reference cells are 
equivalent and essentially cancel each other. The reference cell 
contained distilled water and the test cell dye dissolved in distilled 
water. Therefore the quantity of A represents the energy attenuation 
of an optical beam by the dye alone because all spectra were obtained 
in a double beam mode with the solvent placed in the reference cell.

Typical data is shown in figure 3.7.1c for 3 different dyes of 
40 ppm strength of solution, and in figure 3.7.1a for 30 ppm.

The spectral molecular absorption coefficient were calculated 
from (eq. 3.2.1b), where C is in kilogram molecular weights per 
unit volume.

i.e. C = 1 2 k .
M (D.l)

where W is the strength of the solution (kg dye/kg water)
M is the molecular weight of the particular dye 
p  is the density of water at 20°C (998.2 kg/m3 )/W



The output of the spectrophotometer used was compared against 
curves supplied by ICI. Such comparison is shown in figure D.2 for
Lissamine Red . 3GX. The solid line represents the ICI curve for a 
1 cm thick cell with a solution of 48 ppm. The ( + ) represents the 
results obtained by the Beckman spectrophotometer. The lower values 
obtained by the 'Beckman' is probably due to ageing of the dye used 
(4+ years old) , and if due allowance is made for this the values 
agree well.

0-7

0-5

0-3

0-2

Q.'

•70•6 0• 50•38

Figure D.2 Comparison of Values of the Spectrophotometer 
used Against ICI's for Lissamine red 3GX 
at 48ppm. ‘



APPENDIX E

AVERAGE OPTICAL CONSTANTS FOR WATER AND GLASS

For the single waveband analysis, Chapter 5, average values for 
the refractive indexes and extinction coefficients of glass and water 
are needed.

E.l Refractive Indeces

Because the values of the refractive indeces listed in table 
C.3 depend on the type of spectrum used an arithmetic average is 
incorrect.

The following equation was used to average the values of n and

n = Ih *n + i j  m (E>1)
iw + ij

where n; is the value of the refractive index of the material, for
Fbl = 1, ^Fdl = 1.iii

E .2 Extinction f Absorption Coefficients

The extinction coefficient of glass, , and absorption coefficient 
of water, k*, , depend strongly on the path length as well as the type 
of spectrum.

When averaging for the extinction coefficient the path length,L
is not separable. Summing equation (3.3) over the spectrum, for
both beam and diffuse radiation.

k = (l/L)-logllb l F biexp (-k.L.) + Id ̂ FdiexP <-kiLi )

*

r (E.2)
(Ib + V

X /  ~  x - /In the present analysis = /2 and L w = /2
cos!9.3 cos22.1

were chosen as typical for the case of the transwall module under 
investigation. The refractive angles 19.3 and 22.1 correspond for 
an angle of incidence of 30°.



where 0.006 is the thickness of glazing of the glass of the tank, 
and ty>/ = 0.157 m. Further tv and x should be halved for an average 
extinction coefficient.

For appropriate path lengths the average extinction coefficients 
of glass and water were found. Using these results correlations
were, developed figure E.l and E.2, but in the case of glass a single 
value for the average extinction coefficients can be safely employed. 
The above analysis gives k^ = 36.6 m'1 and k^ = 38.6 nfl for 8 and 12 
wavebands respectively.

For water the following correlations are suggested.

k,, = 4.603 + (nf1)

using 8 wavebands

and k w = 0.703* (nT1)

using 12 wavebands

Equation E.3 should be prefered because of its better correlation 
coefficient.

(E.3)

(E.4)

• *
The terms I, and I, are the total amounts of beam and diffuse b a
radiation in W/m2 for air mass 2. Were extracted from table 
B.5, Appendix B, and were used above for 'weight' averaging.
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Figure E.2 Average Extinction Coefficient of Water— Path Length.



APPENDIX F

STRENGTH OF REFLECTED RAYS IN A TRANSWALL MODULE

The respective strengths of reflected rays are shown in.fig. F.l 
It is for a 10 mm glass transwall module. The following assumptions 
were made:

Time:

Altitude:

Solar azimuth: 

Angle of incidence

mid August, lV z hrs from solar noon; (chosen to 
average 10-4pm collection time).

c* = 44.6°

B. = 32.8°

0 = 53.2°

These give a reflectance at air/glass interface = 0.066 
and reflectance at glass/water interface = 0.005

Eight wavebands were used and the figure of 100 refers to the strength 
of a beam after passing through 6 mm glass.

WATER GLASSGLASS

Figure F.l Strength of reflected rays 
Fig. F.l above, clearly shows that the ray reflected from the back 
glass/air interface is stronger than the ray reflected from the first 
glass/water interface; 0.6% versus 0.2%.



APPENDIX G 

MEASUREMENT OF HEAT TRANSFER COEFFICIENT

G.l Description of Heat Transfer Rig

In order to have some measure, even approximate, of the heat transfer 
coefficients from the transwall to the surroundings apparatus designed 
for another project was used. This consists basically of two copper 
sheets (25.4 cm x 20.6 cm) embedded in which heating cable and 
the rear sides are insulated with polystyrene. The front surface 
consists of a 3 mm glass sheet stuck on to the copper in order that 
the long wavelength emittance will be similar to that of the transwall. 
The arrangement is shown in figure G.l. Three type K thermocouples 
are fitted, one immediately under the glass, one on the rear of 
the copper sheet (as a check), and one in the convective air stream 
immediately in front of the glass.

The principle of operation is when steady state is achieved 
the energy dissipation of the heating cable is equal to the heat 
transfer from the glass, making due allowance for various corrections. 
The heating cable is supplied from a heavy duty battery bank and 
the power consumption measured by standards quality volt.meter and 
ammeter.

G.2 Sample Calculation

A sample calculation for determining the combined (radiative and 
convective) heat transfer coefficient for the transwall module using 
a heat transfer rig is demonstrated below.

When the rig temperatures have stabilised and are close to the 
transwall glass temperature the following readings are necessary 
to calculate the heat transfer coefficient.

Heating element Power Temperature Temperature
(W) +(air film) (front plate)

voltage current °C °C

8.06V 0.75A 6.06 21.2 27.5

/ 92*53 \Power dissipated in the plate = 6.06 1--------- \=  5.03 W

The term in the bracket is a correction and accounts for the energy 
dissipation due to the heating cable, i.e. 92.9 cm is the. length of

outside lâ er



the heating cable in the plate and (92.9 + 19^ cm is the length of
the heating cable as leads to the terminals.
These 5.03 Watts are due to both radiation and convection.

^  _  Power dissipated in the plate_______ ________
(Area of plate)x(Temperature difference between front plate fL

air film temperature

5.03 /,—  = 15.4 W/m2 K
0.0518 x (27.5 -21.2)

The rig was placed directly above the transwall module and it 
was facing out when the heat transfer (ha ) was measured and it was 
facing towards the interior when (h<- ) was under investigation. For 
every case the experiment was performed for the following combinations: 
warm .'transwall (24-28 °C) no fan +
warm tranwall (24 -25 °C) with the fan on
cool transwall (17-19 °C) no fan
cool transwall (16-18 °C) with the fan on

Table G.l below, shows the experimental results of the combined heat 
transfer coefficients. (*)

TABLE G.l

(w/m2 K) hr (w/m2 K)

warm/no fan 18.4 12.4
warm/with fan 13.7 8.9
cool/no fan 11.8 7.5
cool/with fan 7.4 8.4

The smoke traces showed that the fan is pushing the air down over 
the transwall surface. This accounts for the decrease of the heat 
'transfer coefficients of the above table when the fan is on.

(*)
Both convective and radiative 

cel) (av\ ]p.93,-|oo



Figure G.la

10

heating element18 cm

8"

Heating element
make: Sodern
type: Thermocoax

copper plate % thick

dia. 1.2 mm, Nickel Crome 80
20

Length of cable in the plate = 4 x x 1" + 2 x 5" + 3 x 4"
- 36.57" or 0.929 m

4.1

Figure G .ib •heating cable

25.4 front glass/ plate 
thermocouple

insulation
(polystyrene)5.0

3.9 20.6
3 mm float glass

all distances in cm.

Figure G.l a&b. Grooved copper plate and heating cable.



APPENDIX H

NON-HQMOGENEOUS HALF SLAB METHOD

Figure H.l below shows a transwall section with non-homogeneous 

half end slabs. For convenience only 3 water slabs are shown. The 

"extra terms" developed are for the outer transwall glass for the 

perpendicular ./or the parallel component .of beam radiation.

Vz Slab -b /? slab  1 slab  -11 slab

FIGURE H.l

A new path length accounting for the first (and last) half water 
slab was introduced, namely

Lv,*=
cosQ,

corresponding to a transmittance
Equation 5.9.1a will have additional terms added. However, it 

is easier to follow if start is made on unreduced equation 5.9.1a 
which comprises four blocks, viz. 1,2,3,4.



1st block (ray a,a') = olw(1 ~jo) (1 - TW)()

2nd block (ray b) will not be affected by the introduction
of water into the half slab.

3rd block (ray c,c') = (SF< (j) \  *#I fc*T^(l - jo) * ~ TyJ ( 1 - % * *  )

4th block (rayd, d 1) = (SF, (j))a (\-Twx)

The extra terms can be reduced to

(ETV.’„ = o i « » ( i U  + (SF,(j))(.T^-

+ (SF, )\

When the rays reflected from the base of the transwall are included 
the above expression becomes more complex.

Similar 'extra terms' can be found and added to the equations 
for the absorption in the water slabs and the rear glass. It is 
also important to note that the shade and acceptance factors will 
change slightly due to a wider slab and different refractive angles 
©ag ©gw.

The extra terms for diffuse radiation will be more complex because 
these also incorporate separately the diffuse radiation coming from 
the room interior, i.e. two extra term blocks will be required.



APPENDIX I

AIR MASS CONSIDERATION FOR THE LATITUDE OF GLASGOW —  FRACTION OF 

ENERGY FOR DIFFUSE RADIATION IN BRITAIN

The amount of attenuation by absorption and scattering depends 
exponentially on the ' optical path, that is, on the air mass, see 
2.5. For 55.9° latitude, at Glasgow, the 12,30 hr elevation of June 
11 is 57° 11' corresponding to air mass 1.19, and at December 10,
it is 12°20' corresponding to air mass 4.68. In figure 1.1 the air 
mass is shown as a function of the time of day for different months
of the year (for latitude 59.9°) using an average day for each month 
as recommended by Klein (1), see table 1.1.

A passive solar house for the climate and location of Glasgow
is said to be "receptive" for the intervals of time listed in table
1.1. For these intervals of time a typical value for monthly average 
air mass has been worked out. The time intervals shown are somewhat 
arbitrary but are loosely based oh radiation.levels.

10

W
CO
CO
£

•H
<

4 am; 6 8 10 2 4 8pm6noon

Figure 1.1. Air mass as a function of time of day for different
days of the year.
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The daily extraterrestrial radiation on a horizontal surface is 
given by:

24 rH = -■—  :■■■ * I  *E * sin cf> * sin£>* ( ̂ /180)* tu - t a n w  o T\ sc o 7 [ s s

where \j j is the sunrise hour angle in degrees, from equation (A. 5c) s '
and E is the eccentricity correction factor from equation (A.2a) o

In many engineering calculations, the monthly average extraterrestrial
daily radiation on a horizontal surface, Hq , is often required.
It is possible to determine the particular day (that is, a particular
declination) which has irradiation equal to the monthly average hourly
irradiation. Defining such a particular declination as a characteristic
declination, S , see table 1.2, we may now write H as follows: c o

H = H \°VS = Sc
Hence the monthly average clearness indices for the two locations
can be found.

Liu and Jordan (55) have shown that solar climate at a particluar 
location can be characterized by the clearness index KT

H
k t  = T T  is the ratio of

o

daily global radiation on a horizontal surface____________
extraterrestrial daily insolation on a horizontal surface

The parameter K^, which is an indicator of the daily clearness was
found for two different locations in Britain, at Aldergrove and 
Easthamstead (in N. Ireland and London respectively), H was extracted 
from table 1.3 and these values correspond with the average radiation 
falling at 11.30 every month.

Paparsenos (3) adopting Hull's method worked out the fraction
of diffuse solar radiation at 8 different wavelength bands over the
total solar spectrum for 4 regions of clearness index, see table 
1.2.

TABLE 1.2

Weather type Clearness index, K̂ ,

clear sky ]>0.70
haze 0.50 - 0.70
light overcast 0.25-0.50
heavy overcast <^0.25
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(*). E 1hamst’d E 'hamst'd
Aldergrove Aldergrove

Jan 17 17 1.73 2.23 6.43 0.27 0.27
Feb 14 45 4.14 4.47 12.19 0.34 0.32
Mar 15 74 7.83 8.36 20.42 0.38 0.38

Apr 15 105 13.05 11.95 29.93 0.44 0.38
May 15 135 15.61 15.88 37.66 0.41 0.41
Jun 10 161 18.85 18.80 41.30 0.46 0.45

Jul 18 199 15.74 16.93 39.54 0.40 0.42
Aug 18 230 12.92 14.04 33.04 0.39 0.41
Sep 18 261 9.53 10.51 24.17 0.39 0.41

Oct 19 292 4.98 6.13 15.04 0.33 0.36
Nov 18 322 2.61 3.29 8.08 0.32 0.33
Dec 13 347 1.40 1.91 5.90 0.24 0.24 -

(*) Recommended by Iqbal (6)

(#) Extracted from Met. 0.912,?."Solar Radiation Data for the
United Kingdom 1951 —  1975.

The results in table 1.3 above suggest' that for Britain when 
monthly average calculations are performed a single spectrum for 
the fraction of diffuse radiation can be safely used since the K 
range is 0.24 —  0.46. The fraction of energy for KT 0.25 —  0.50 is 
listed in table C.6, Appendix C. The above results also suggest an 
average value of the clearness index of 0.39 for both sites for a 
10 month period from February to November with a standard deviation 
of only 0.05.
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