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Summary

A need was indicated for the identification of a possible new solar energy
product to improve the sales potential of a metal film with a selective surfcce,
manufactured by the industrial sponsor of this project (INCO).

A possible way of overcoming the disadvantageous economics of solar energy
collection was identified. This utilised the collection of solar energy by the

walls of buildings constructed in such a manner as to allow the transfer of

energy into the building, whilst providing adequate thermal insulation in the
absence of sunlight. The actual collection element of the wall, being metallic,

is also capable of performing the function of a low temperature heating system ,
in the absence of sunlight. As a result of this, the proposed system, by displac-
ing both the wall and central heahng 3 Id otherwise be necessary,
demonstrates economic benefits over Ire co stru,cted,s,olely.for, the
purpose of collecting solar energ,’yi // ' '

The necessary thermodynamic and mefeorologl/col charactenshcs cnd dcn‘c are
established, and applied to a typical urban site in the North of Englan, ', fo
typical average year, with and without a shading device mcorpor

construction. : '

It is concluded that the proposed system may offer conssderoble beneflt m reduc-
ing the effective heating season in all orlentahons of woll -
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1.

Introduction.

The need to reduce the energy production requirements of industry com-
merce and society has prompted many investigations in the past. The
possible use of ambient energy sources has been studied extensively,

especially since the oil crisis which resulted from conflict in the Middle

East in the mid 1970'.

Ambient energy in the form of solar, wind, wave and geothermal sources
may prove attractive in the future, but the prime source of both wind and
wave energy is solar radiation, and so it is hardly surprising that this form

of ambient energy has been closely considered.

Solar energy poses several problems for these who wish to employ it for
specific purpases, but the two which must be dealt with before any
practicable use can be made of it are ifs dilute nature, and variability.
The relatively dilute nature of the solar resource is discussed in Chapters
1.5. and 3.2. The availability of solar energy varies by day, season,
latitude, altitude and climate. It seems that, for solar heating, where
ever and whenever solar energy is least abundent, it is most required,
and vice-versa. These characteristics combine to produce a situation
whereby the cost of building something for the express purpose of collec-
ting solar energy must be very carefully considered and the equipment

involved must be justified on an economic basis.

This thesis describes a research project which was directed towards the
identification of a solar energy product capable of accommodating, in
part at least, the forgoing constraints. Furthermore, the project was
required to employ the product of the sponsor company, and provide an
avenue for further work which will hopefully lead to a product develop-

ment to the benefit of the sponsor.



To establish such a possible course of action, it has been necessary to
consider in some detail the collection of solar thermal energy, and the

thermodynamic phenomena which lead to losses and inefficiencies in its

use .

A "solar wall module" is identified as demonstrating characteristics of
economy and shape which appear to offer a possible approach, and a

computer model which predicts the thermodynamic behaviour of such a
wall module was developed from theoretical and experimental criteria

and data.

Actual performance of the module was simulated using a computer pro-
gram to model the effects of latitude, longitude, altitude, orientation,
season, time of day, type of day and air temperature. This model also
accommodatas the use of variable shading as @ means of reducing exces-
sive heat gains in the summer. As a result of this, it is possible to esta-
blish maximum energy contribution values per annum, dependent upon

orientation and shading control.

Costing analysis based upon the alternative costs of conventional walls
and central heating systems indicates that the solar wall module in its

final form may well have an installed cost similar to, or less than, the
conventional alternative. As a result of this,any solar energy contri-
bution to the building in which the modules are installed will prove of

immediate economic benefit.

The thesis concludes with a summary of the work still to be done to

develop a product from this research.



Background

. Project Background

The industrial sponsor of this project is INCO International Lid.
This company is based in Canada and is primarily concerned with
the mining and processing of nickel, copper and precious metals
although the latter two are essentially secondary to nickel pro-
duction. The Company is also deeply involved in the manufacture

of nickel based preducts i.e. stainless steels and Nimonic alloys.

When the project started in October 1980 the activities of INCO
spanned 36 countries, employing 52,650 people worldwide; this
pasition has been eroded in the last three years as the recession has
had its effect upon metals producers. The project was based at
INCO's European Research and Development Laboratery (ERDC)
which served the Company's European needs for research and de-
velopment, and provided a repository of expertise. ERDC also
undertook research into areas not directly related to existing
business but which offered business prospects for the future, or
possible diversification; such "seed" projects were funded upon a

corporate basis.

The project was based in the "Materials and products Research
Group" the manager of which was the project industrial super-
visor. INCO Limited had developed a continuous electro-
deposition process for the manufacture of nickel foil, and a pro-
cess whereby a selective absorbing surface was produced on the
foil. The resulting product "Maxorb", had found a place in the
production of solar flat plate collectors. The advantage to the
collector manufacturer is an increase in the efficiency of his
product, and this has resulted in sales of "Maxorb", notably in
continental Europe. It was felt that sales potential could be

increased for "Maxorb" and possibly plain nickel foil.



The then Director of the European Research and Development Centre
(ERDC) of INCO, and the Interdisciplinary High Degrees Section of
Aston University had discussed the possibility of an IHD post gradu-
ate project based at ERDC. It was decided that a project designed
to identify applications for "Maxorb", and/or foil would meet a
current need of INCO, and provide a suitable project for IHD pur-

poses .

The writer was accepted as a postgraduate research student at Aston
University, and employed by INCO Limited with Science and
Engineering Research Council sponsorship. The project was given

a preliminary title of "The Use of Metal Foils" and cammenced on

3rd November, 1980.

The production and sale of INCO nickel foils was undertaken by
MPD Technology Ltd; a wholly owned subsidiary of INCO. MPD
was established to meat the need for diversification and was based
at the ERDC site. The scope of MPD business was: super-plastic
forming, nickel foil, "Maxorb" solar foil, battery electrodes, and

hydrogen storage by metal hydrides.




2.2. Project objectives

When the project was conceived INCO was already involved in the

production of nickel foil; at that time it was thought that this in-

volvement would be expanded into the production of foil based

articles, paossibly employing other metals.

The trading position of INCO deteriorated due to the general in-
dustrial recession and such hopes have faded as the Company has
found it necessary to husband its resources in the hope of better
circumstances in the future. This restriction became evident at an
early stage in the project, and it was decided to concentrate upon
the INCO foil product known as "Maxorb" as a possible vehicle for

the project. The reason for this was the high capital cost of the

production equipment for this material, and the need for continuous
production runs to maintain profitability. "Maxorb" had already
found a market in the production of flat plate solar collectors, but
the company felt that the future of this market was uncertain, and

that possible alternatives should be sought.

"Maxorb" is a specialised product, and is described in more detail
in chapter 2.3. and Appendix. 1 and the nature of selective surfaces
is described in Chapter 3. lts particular properties effectively re-

strict its use to Solar Energy applications.

It is essential that "Maxorb" is applied to a flat surface, as indicated
by Neal and Musa (1981) as this assists the speed and ease of appli-
cation and helps to prevent the formation of air pockets and other
inclusions. It had been found in practice ’rhcfrl:;bsorber plate of a
flat plate collector was seldom flat in this sense, unless specifically
designed so. This was a limitation on potential sales because the

product was often offered as a means of increasing the efficiency of

existing collector designs.

These considerations led to an early objective of the project as follows:

"To identify a way of increasing the potential future sales of "Maxorb"
by investigating possible solar applications involving large flat sur-

face areas."




2.3. Maxorb Foil.

A resume' of the properties of "Maxorb" foil is given in M.P.D.'s

technical literature shown as Appendix 1.

The production of "Maxorb™ foil is a result of two INCO develop-
ments which were initially unrelated. The first was foil production
by continuous electrodeposition, the second a spectrally selective

surface, (see Chapter 3) produced on nickel. This process is highly
confidential, being unique to INCO.,

The two processes combined to result in "Maxorb" foil, a thin foil
of nickel, typically 13 microns thick, with a highly efficient spec-
trally selective surface. The foil is produced in ribbon form 150 or
500 mm in width, and provided with a pressure sensitive silicon
adhesive on the reverse side. The market for "Maxorb" is wholly
related to the solar industry and the normal method of application

is by roller onto the surface of a solar collector absorber plate .

The surface to which "Maxorb" is to be applied must be clean and
relatively free from surface and geometrical discontinuities; this may

present difficulties in application.

The 1981 sales of "Maxorb" foil of 25,000 m2 were expected to

break down to 55% European sales, 25% sales to America, and 20%

to the developing countries.
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2.3.1. The application of Selective Surfaces.

Selective surfaces can be produced by three main routes at the

present time: (See also Chapter 3).

1. Selective Paints.
Duffie and Beckman (1980) give an example of an iron-
manganese -copper oxide paint employing a silicon
binder, with < =0.92, and € =0.13. However, such

products are not yet proven or commercially available.

2. Direct application.
Selective surface treatments, chemical and electro-

chemical, may be applied directly to solar absorbers

and the costs of this process range from £5 to £12/m2
dependent upon the surface quality. The method suffers
from the materials handling problems of moving complete
absorbers as indicated by Jones (1979). "Maxorb" may
be applied in this manner, and usual values of emittance

and absorbtance obtained

3. Selective Foil.

"Maxorb" has only one competitor in the selective foil
market, a black chrome on copper foil manufactured by
Berry Solar Products of New Jersey, U.S.A. The claims
by Berry indicate a performance equivalent to "Maxorb",
although the claimed 0.02 emissivity factor must be con=
sidered with some scepticism when compared with the ac-
cepted values of .013-.09 indicated by Toloukian (1970)
for polished copper. Th?hr:ofericl commands a selling

price slightly in excess ofﬂ£5/m2 for "Maxorb" and is

believed to have a good market in the U.S.A.

"Maxorb" enjoys a good reputation for consistent quality, as indi-
cated by Kenna (1981) and has been found to be an attractive and

economic means of increasing the thermal efficiency of single

glazed flat plate solar collectors.

7



2.4.

In this form, "Maxorb" offers performance somewhat better than
would have been achieved had a non selective .collector been
double glazed, i.e. provided with a second screen. A selective
surface offers little benefit when used with double screens due to

the high emittance of the inner screen,as indicated by Kenna (1981).

The Solar Market.

a. Active heating systems.

The oil crisis of the early 1970's prompted a worldwide interest in
alternative energy sources and, as indicated by Tabor (1982), solar
applications were given an unprecedented impetus. Flat plate
collectors represent by far the most common solar energy appli-
cation, and although the total market for energy related products
is undefined, the market for flat plate collectors can provide an

indication of recent trends.

The market in Europe since the mid 1970's has been summarised by
Stammers (1982), and Figure 2.1. shows the European sales of flat
plate collectors from 1975 to 1981. The spectacular rise in installed
area up to 1980 is very evident, as is the fall in 1981, which is
believed to have continued throughout 1982 and 1983.

The reason for this fall is not clear, neither are the motives of the
purchasers of solar systems; as indicated in Chapter 2.5. there is
little financial incentive. Certainly there seems to have been a
recognition by the U.K. Government, as indicated by recent re-
search policy, that active solar systems are not going to produce
significant energy savings in the United Kingdom, Government
support for this aspect of solar energy applications has largely

ceased.

Some work has been conducted to establish the nature of purchasers
of solar energy systems in the U.K. Batty (1982) identifies a social
stratum of interest increasing with social class. This is also identi-

fied by Norton et al (1982),Batty (1982) also identifies an apparent



correlation between interest in solar heating and concern about

the energy crisis, expressed by the more educated sectors of

society.

Manning (1982) observes an "implied discount rate” for the purchase

of systems, which is inversely proportional to the level of personal

income. In other words, those with greater wealth are more likely

to find the investment in solar energy systems attractive. This sup-

ports the suggestions above, and it appears therefore that the pres-

ent market for solar systems is primarily associated with the more

wealthy and educated members of society; for whom the risk of pur-

chase is less important.

This does not explain the reason for the recent drop in solar system

sales, which may be a result of any combination of the following;

a)

The market, being restricted to the wealthy,

is becoming saturated.

The original urgency of the energy crisis is
becoming eroded with time, and is no longer

perceived as an immediate threat.

The effects of economic recession mitigate

against speculative investment in solar systems.

The withdrawal of Government support has re-

sulted in a fall in consumer confidence.

Bad publicity following the poor performance of

incorrectly installed systems.

Whatever the reason for the cbserved decline in sales, it would be

folly to regard the present market as typical.



Thring (1982) has compared the potential growth of solar energy
systems with other technological developments, especially central
heating. In the authors view, such comparisons must be viewed
with caution. The developments cited all offered something which
was not previously available, or made it more convenient. For
example, central heating allowed greater comfort; television pro-
vided entertainment, private cars gave convenience and mobility.
Unfortunately solar energy applications do not normally offer any-
thing to the user which does not already exist, and in general solar
systems must have a back up conventional system to make up for
those occasions when solar availability is inadequate. It is true
that in remote locations a solar system may provide an energy sour-
ce which would otherwise be unavailable, but in most situations in
the developed world, a solar system is essentially used to augment

the input to a conventional system.

In the author's view, the only real incentive for the development
of solar applications is the economic benefit of energy collection.
If that benefit cannot be clearly perceived, there appears to be
little incentive other than that of individual interest for some other

reason.

Despite the above comments, there is considerable interest in solar
energy by the populace at large. Sadler (1982) identifies consider=-
able appeal in "natural energy" in his survey, and also identifies
considerable potential in housing designed to maximise solar col-

lection if additional costs can be minimised.

b. Passive Systems.
The passive use of solar energy may be more promising. There
does seem to be good reason for believing that passive solar princi-

ples can be cost effective, although analysis can be troublesome

as indicated by Everett (1982).

10




The problem in evaluating how effective passive solar applications
can be is that of deciding how much extra they have cost. This is
relatively straightforward when considering an add-on feature such
Gs a conservatory, but when considering passive principles which
affect the entire structure of a building the problem is much more
complex. Most passive solar buildings have been experimental or
developmental in nature and as a result, the costs of monitoring
equipment and features can tend to mask the true cost of the build-
ing. The use of passive solar principles has increased gvreo’rly over
the past few years to the extent that a full listing of such buildings
is no longer feasible, although Oppenheim (1982) presents a synop-

sis of British applications.

It appears then that the market may well be restricted, and com-
prised of relatively affluent and educated persons. Such individu-
als are to be found in many areas of the world, and at first sight

it would seem worthwhile seeking a market in areas of the world
which enjoy a great deal of sunshine. This is not necessarily the
case as in such areas, with high ambient temperatures, solar energy
is relatively easy to collect. An abundance of sunshine renders the
highly specialised selective surface less necessary, and the potent-
ial contribution of solar energy for space heating applications has
been shown by McGregor (1982) to be reduced in comparison to

more Northerly latitudes.

For these reasons of need for efficiency, affluence, education and
potential contribution, the markets of particular interest for
"Maxorb" are those of Northern Europe and North America, and
similar counterparts in the southern hemisphere,where thermal con-
version is concerned. These considerations do not apply to the
electrical conversion of solar energy, where an abundant solar re-

source is a decided advantage.

11




2.5,

The economics of solar thermal energy collection

Figure 2.2. shows the average annual energy falling upon a hori-
zontal surface over the world. For a typical north EuroPedn lati-
tude, a mean annual value of approximately 1OOOKWh/m2 of
energy is available for collection. No collection system is per-
fect, and Lof (1981) has indicated that an overall collection effici-
ency of 30% can be expected from a well designed themal system.
This indicates that an annual energy contribution of 300 KWh/.m2

can be expected from a thermal system.

Assuming that the whole of the contribution of the solar system
displaces an otherwise necessary electrical input, this results in
an annual value of approximately £15.00/m2 year if an electricity
cost of 4.99p per KWh is assumed. This unit cost is the peak dom-
estic tarriff in 1983 in England. If comparison is made with gas or
off peak electricity or solid fuel then the value of the energy col-
lected is correspondingly reduced. As a further complication the
solar energy is available out of phase with the need for heat to
compensate for losses to the atmosphere. This means that solar
energy thermal applications favour a use which allows the energy
to be consumed as it becomes available. For active systems this
has resulted in wide adoption for domestic hot water systems, and
swimming pool heating. In terms of passive applications, the use
of direct gain windows facing south allows sunlight in the late and

early months of the year to contribute, as indicated by Jesch (1981).

Stammers (1982) reports an average total system installation and
materials cost of £270 per square metre of collector for retrof it
installations. Comparison of this figure with the £15 which the
system can be expected to recoup per annum indicates a very

approximate payback period of the order of 20 years.
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The application of discounted cash flow techniques to the long
term economics of solar systems can offer a more attractive view.
These techniques einploy a variety of criteria for comparison of
investment as discussed by Manning (1982), but all are highly
dependent upon assumptions @bout future inflation rates, energy
costs, system life, maintenance and efficiency. The uncertain-
ties of these assumptions make value judgements of solar economics
also uncertain, but Long (1982) has shown that the effective cost
of energy contid bution by a domestic hot water installation lies
between 14 and 7 pence per KWh. As a result of this, Long
concludes that the installed cost of such systems is approxima tely
twice as great as that requird to give equality with electricity
supply costs. Systems which combine domestic hot water, and
space heating have been investigated by Thring (1982), who
concludes that a group of 50 houses with shared interseasonal
storage and advanced collectors may have a payback period of
15 years if the houses have high heat loads and the solar system

displaces electricity costs.

Payback periods of 15 years, and effective energy costs twice
that of electricity are not inducements to purchasers. It can be
argued that a solar system may be self sustaining, i.e., the
system provides sufficient payback over its life time to recoup its
replacement cost.  However, system lifetimes have not yet

been long encugh to demonstrate this.

It seems that the initial capital cost of installation for present
active systems is too high. It is not easy to visualise this situa-
tion changing dramatically. Stammers (1980) indicates tha the
cost of these installations can be divided equally between the
cat of the collector, the cast of ancillary equipment, and the
actual cost of installation. The overall cost of the insfcllcfiqn
is highly dependent upon established techniques and standard
components. Although it can be argued fhof the cost of the

13




actual collectors may be reduced as production efficiency is
improved, this will not have a drainatic effect upon overall
costs. Even if the collector cost is reduced by 50% this merely

results in a system cost reduction of 17%.

Bearing in mind these additional system costs, it seems that
almost anything which is constructed solely far the purpcse of

collectingsolar energy in the UK and similar latitudes has un=

attractive economics.

The situation with passive solar heating appears. tobe more
promising, as passive applications tend to employ architectural
features which would have been required anyway but which are
modified to provide an enhanced solar -caontribution. However
this makes a strict economic analysis of solar passive applications
very difficult to establish, as the dividing line between a solar
energy feature and a utilitarian or architectural feature is not
clear. For example, a conservatory is known to confer benefit
in terms of solar energy, but it also has a very real value as a
conservatory, the question is thus unclear. Jesch (1981)
provides an overview of passive principles, but no economic
evaluation, and this is generally the case in the literature on

the subject.
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2.6.

The thermal efficiency of solar collectors.

2.7.

Solar energy falling upon the outer glazing of a collector is
partially reflected and absorbed by the glazing system, before

being absorbed by the collector absorber.

The absorber is heated by this absorbed energy, and as a result
loses energy to its surroundings by radiation, conduction and

convection through the glazing system and collector enclosure .

These solar gains and losses will be considered in greater detail

in Chapter 4, but for the moment it is clear that the higher the
absorber temperature, the greater the energy loss, and therefore
the lower the efficiency of collection. It follows that the col-
lection of energy should involve temperatures as close as possible
to the required demand temperature, as any increase above this
results in an unnecessary loss of energy. From this point of view,
the collection of energy in a high temperature fluid for subsequent
distribution into a low temperature living space introduces losses
which could be reduced if the energy is collected at ar near

its required temperature.

The conception of a solar wall module.

The considerations of the preceding sections lead to a pessimistic
view of the future market for "Maxorb" for flat plate collectors
only. The market is seen as relatively restricted, possibly due to
the disadvantageous economics of solar energy in the latitudes of
interest i.e. Northern Europe. Recent market trends show an over-
all fall in sales and there appears to be no realistic means by which

the excessive capital cost of active solar installations can be re-

duced.
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An examination of current developments in flat plate technology
also indicates that the evacuated tube collector as indicated by
Hutchins et al (1982) may begin to challenge the flatplate col-
lector with a selective surface for high efficiency applications.
This type of collector benefits from the production technology of
fluorescent lamp manufacture and the projected collector cost of
£100/m2 compares favourably with the average £90 cost of a flat
plate collector. "Maxorb" is not ideally suited to use in evacuated
tubes as the maximum operating temperature under coolant failure
conditions may exceed the temperature capability of "Maxorb".
In addition the area of the collection surface is reduced in com-
parison to flat plate collector designs, which reduces demand for

"Maxorb" and increases the unit costs.

The potential of conventional passive applications for "Maxorb™ is
also found to be limited by the need for a protected environment
for its selective surface. The Trombe wall for example requires
that air circulates past the absorber and into the airspace thus con-
taminating the selective surface with dust. One possibility of a
passive application is that of the glazed wall, as indicated by
Mason (1982). In this latter application, the application to exist-
ing walls is difficult as the wall surface must be prepared, battened
and glazed. The actual application of "Maxorb" to the wall also
presents problems unless weather conditions are very good with dry
still air, or the wall is protected by some temporary structure to

prevent the flapping of "Maxorb" in the breeze and problems with

adhesion.

When considering solar energy, the author thought it necessary to
view the solar gain as one component of overall energy use. In

this context, the Building Research Establishment (1975) have esta-

blished that as much as 50% of the prime energy demand of the

U.K. is used for space heating purpcses, and that 30% of heat

loss from dwellings occurs through the walls. This has prompted

the advocation of wall insulation as an effective conservation
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measure. However walls are not ready acceptors of solar energy,
as the insulating effect of the wall lies between the absorbing.
surface and the interior of the building, this effect is illustrated
in Chapter 6 of this fhesis.' Ideally the insulation should lie bet-

ween the absorbing surface of the wall and the atmosphere .

In considering the paossible use of walls as collectors, it is appar-

ent that the cost of the wall so preduced, and the building so form-

ed should not exceed that of conventional construction if passible.
Furthermore, in the absence of sunlight, the 'U' factor of the wall
should not exceed that required by the Building Regulations of
0.6 w/mzoc, as discussed by Elder (1981).

These considerations lead to the development of a concept which
the author has termed a solar wall module. The module consists
of a box section construction as illustrated in Figure 2.3. The
absorber of "Maxorb" is placed on the inner back surface of the
box which forms a concrete slab, and a series of screens placed
between it and the atmasphere. The screens are employed tore-

strict convection and radiation |osses.

The potential advantages of this module concept were perceived

as follows:

1) The provision of a flat extended surface suited the nature
of "Maxorb".

2) Energy is collected and distributed at or near the end use

temperafure for space heating.

3) The module by displacing an otherwise necessary wall,

benefits by the displaced cost.
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4) The cost of an energy distribution system is discounted be-

cause the solar energy is directly available to the living

space.
. . solan
5) Even when insufficient,energy is available to make a contri-

bution, any incident solar energy will reduce the loss from

the interior of the building and so be of value.

6) The "Maxorb" absorber may be employed as a heating ele-
ment, in which case the Wall Module may fulfill the role
of an otherwise necessary central heating system. This
renders the usually obligatory solar back-up system redund-
ant, and may well reduce the cost of a building by that of

the displaced boiler, piping and radiators.

A corollary of the need to reduce costs is the need to consider the
module as non load bearing to reduce the required thickness of the
slab at the rear. This slab is seen as providing a measure of thermal

storage, and necessary security for the inhabitants of the building.

Initial calculations indicated that the required 'U' factor could be
achieved if 8 glass screens spaced approximately 25mm apart were

used. This was encouraging, but rendered the madule much too

expensive.

As a result of this, the project followed an investigation of the

potential of the module in relation to plastic screen materials and

associated selectively reflecting surfaces.

2.8. Project problems

The project presented its own, nof unexpected difficulties which

may well be associated with any research programme . The un-=

expected also occurred with the simultaneous financial difficulties

of the industrial sponsor and the University. The problems of the




former resulted in.understandable financial stringency which had

a direct result upon the nature of the project experimental work

and project duration.

The problems of Aston resulted in difficulties with academic super-
vision which was in a state of flux as nominated persons found it
necessary to seek alternative positions. In addition, the decision
of the University Computer Centre to discontinue programming
courses produced considerable problems for the author. Upon ref-
lection, the author considers that the decision to employ a new
computer facility at the computer centre was ill advised as the
teething troubles of the system reduced its availability and flexi-

bility greatly.




Selective Surfaces.

3.1.

In the context of this project, the term

1 o
selective surface" is used

to denote a surface which demonstrates a useful variation of radia-
tion characteristics between the wave lengths associated with solar

and thermal infra-red spectra,

Before discussing selective surfaces it is necessary to establish an

understanding of radiant energy exchange between bodies:

Radiant energy exchange

It is not proposed to give an extended account of this subject.

Duffie and Beckman (1980) provide a discussion particularly direc-
ted towards solar energy applications, and Sparrow and Cess (1978)
provide a thorough appreciation of the theoretical basis of radiant

energy exchange.

If we consider the situation of a body enclosed within an evacuated

isothermal enclosure, it is clear that the exchange of energy between
the enclosure and the body must take place by means of radiation. In
a steady state condition, the body must adopt the same temperature as

the enclosure,

If we now consider the body to be made of some material opaque to
the radiation in question, then the exchange of energy must be con-
strained to the surface of the bady. Under equilibrium conditions,
the energy which leaves the surface of the body must exactly equal
that which enters, and it follows that this balance is achieved by
virtue of the surface radiative characteristics.

These characteristics of a surface which are of interest are the emit-
tance, absorptance and reflectance, clfhot)ghbhly' fhér emittance

can be regarded as a property of the surface alone.’
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The absorptance of a surface is defined as the proportion of inci-
dent energy which is absorbed by that surface. This proportion is
dependent upon the wavelength of the incident radiation, its direct-
ion, and the nature of the surface. The dependence of absorptance
upon an undefined incident radiation necessarily dictates that it s

not a property of the surface alone.,

Emittance of a surface is also dependent upon the nature of the sur-
face and the direction under consideration, but the wavelength of
radiation is determined by the temperature of the surface. Emittance
is defined as the proportion of energy emitted in relation to that
which would be emitted by a perfect radiating bady, a "black body"
at the same temperature. Being dependent only upon the surface

itself, the emittance can be considered to be a property.

The reflectance of a surface is necessarily the proportion of inci-
dent energy which is not absorbed, and is thus dependent upon the

absorptance .

The monochromatic directional emittance and absorptance proper-
ties can be integrated for all directions and wavelengths of interest
to give hemispherical values, which are used in the practical analy-
sis of real systems. Unless otherwise stated, all the values used in
this thesis are hemispherical. Authors in the literature occasionally
quote values for the emittance normal to the surface, and care should

be taken to ensure that this can be related to the hemispherical value.

n, there is a relationship

rface . Both

For materials which are opaque to radiatio
between the hemisphericai and normal emittance of asu

Jacob (1949) and Sparrow and Cess (1979) illustrate this relation-

ship which is shown in Figure 3.1. as being dependent upon the

electrical conductivity of the material. The situation is not as clear-

ly understood for materials which exhibit transparency fo the radiation

in question. In this case, the radiant characteristics can no longer
the relationship

be considered as being purely surface phenomena, and
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between normal and hemispherical emittance has not.been clearly

established for thin polymer films. The National Physical Laborate

ory is preparing to determine hemispherical values by experiment

(Dr. F. Clark, 1982).

From the above, the energy emitted by a body is given by

E=€xEbxA 3.1.
Where € = the hemispherical emittance of the surface, at
the temperature in question,
Ep = The energy emitted per unit area by a perfect
radiator,
A = The surface area of the bady.

The energy absorbed by a bady in an isothermal enclosure is given
by
E=o<x1xA 3.2.

Where o< the hemispherical absorptance of the surface.

| = The unit intensity of incident radiation.

From which | _ €  _ constant for equilibrium.

b o<

The relationship must be true for whatever surface is involved, in-

cluding the perfect radiator, in which case the energy emitted is

a maximum, and the corresponding energy absorbed must be a maxi-

mum , or:

o< = |, Thus, for equilibrium, €& =< .

As indicated above, the absorptance of a surface is not a property,

but is dependent upon the nature of the incoming radiation. If the

incoming, and emitted radiation are at significantly different wave=

lengths it is possible fo devise surfaces with beneficial characteristics.
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3.2.

Such surfaces are said to be spectrally selective, In fact. all sur
: ; =
faces are selective to some extent, as the emissivity of real surfaces

varies with temperature and hence the wavelength

Selectivity relates not only to absorptance and emittance, but also
to transmiftance. The transmittance of a body is necessarily that
energy which is neither reflected nor absorbed. However this is
not a purely surface effect but is a characteristic of the material.
The classic selective transmitter of radiant energy is glass, which

transmits solar radiation but absorbs themmal infra red.

Solar and Thermal-Infra-Red Spectra.

Selective surfaces find a place in solar energy applications because
the solar spectrum lies largely at shorter wavelengths than the ther-
mal infra red spectrum of bodies at the operating temperature of

low to medium temperature solar devices.

The nature of solar radiation will be discussed more fully in Chapter
6, and a full presentation of the matter can be found in Henderson
(1970) or Kondratyev (1969). The fact which is of interest in relat-
ion to solar applications is that 98% of solar energy lies below a
wavelength of 3 AMm, and corresponds closely to the energy spec-

trum of ¢ black body at a temperature in the region of 5700 K,

see Figure 3.2.

Alternatively, the spectrum of energy emitted by a body at the sort

of temperature encountered in solar applications lies predominantly
at wave lengths greater than 3Mm.
The energy of radiation emitted by a black body at the wavelength

is given by Planck's Law:

27\"\C02

A NGELRED 3.3.
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Where h s Plcnck’s constant and K is Boltzmans constant . The
groups 27\5 Co and ‘WCo/k are termed Planeis first and
second radiation constants Cy and Cy with values of 3.7405x]0-]6
sz and 0.0143879 m K respectively. EXis the energy emitted
per unit area ’per unit fime per unit wavelength interval at the
wavelength X\ . Real surfaces are not 'black’ in the sense of per-
fect emitters, but are in reality 'grey' i.e. they exhibit less than

perfect characteristics at any particular wavelength, and Planck's

relationship is modified as follows:

E)\ - 6)\31. C:>\
/AT o 3.4,
Where Ex = EA
EX

Where € X s the monochromatic emittance at the wavelength in

question.

Figure 3.3. shows a graph of the distribution of energy radiated by

a black body at various temperafures.

The locus of the maximum radiant energy emitted is given by Wien's

displacement law:

NmaxT = 2897.8 M mK 3.5.

As can be seen, the lower operafing temperafures result in a spect-

and for a body at 200C, 99% of

rum shift to longer wavelengths,

the radiated energy lies at wavelengths greater than S/qm. It is

this relative displacement of the solar and thermal infra-red spectra

which allows the possibility of surfaces which demonstrate markedly

different absorptance/emittance characteristics in each regime.
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3.3.

There are two types of selectivity which are of interest to us; the

first is selectivity which allows high absorptance of energy in the
solar spectrum, combined with a low emittance in the themal infra
red spectrum. The second surface type is one which demonstrates
transparency to solar radiation, and low emittance i.e. low absorp=
tance and high reflectance in the thermal infra red. The former type,
of which "Maxorb" is an example, is employed as the absorber of
solar collectors, whilst the latter by providing the so called "heat

mirror effect” is now finding use in glazing applications.

The following sections briefly discuss the ways in which these two
types of surface may be produced, a more comprehensive discussion
may be found in Lampert (1981), for heat mirror type surfaces, and

Koltun (1981) for both heat mirror and abserbing coatings.

Spectrally selective absorbing surfaces.

The potential of selective surfaces was first explored by Tabor (1956)
who saw the folly of attempting to reduce the convective heat losses
from solar collectors without also reducing the radiant component of
heat loss. The objective in producing a selective surface is to have
a high solar energy absorptance, combined with a low thermal infra
red emittance. Faor this latter purpose, we are essentially restricted
to the consideration of metallic surfaces, as non metallic materials

have high emissivities ranging from .85 to .95. One exception to

this is the case of transparent materials in which the radiation charac-

teristics are a bulk phenomenon.

The problem then is to develop a surface coating which will allow

the essentially low emittance characteristics of a metallic substrate

to predominate at long wavelengths, whilst presenting @ high absorp-

tance at short wavelengths. This can be achieved either by coating

a polished metal surface with @ thin optically dark surface, or by

converting the surface of the metal to a compound having appropriate

idered, the surface so treated must be

reater than 3Mm .

properties. Whichever is cons

essentially transparent fo radiation at wavelengths g




Some work has been done in attempting to establish an effective
self selective material by the doping of metallic surfaces with-im~
purities to produce a drop in the reflectivity of surfaces due to the
collective vibration of electrons. Seraphim (1978) reviews this

possibility, but at the present time, no commercially available

material has been produced.

This means that consideration must be given to multiple layers of
materials in what are termed reflector-absorber tandems. There

are two possible ways in which such tandems can be empleyed; a
selective reflecting surface over an absorbing substrate, or con-
versely, a selectively absorbing surface over a reflecting substrate .
Some highly doped semi conductors can provide the former alterna-
tive, but they do not give good overall absorptance. The selective
absorbing surface is easier to produce as it is required to absorb high
energy photons, whilst transmitting low energy photons. This is a
much more natural state of affairs, and this form of tandem stacking

has been investigated most thoroughly.

We have to consider then, the provision of a surface upon a metallic
substrate, the surface being essentially black. Seraphim (1978) demon~
strates the intrinsic limitations impaosed by the optical properties of
the sort of semiconductor which has found use in these applications,
typically nickel-zinc sulphide and chromium oxide. Unfortunately
such materials which have a satisfactory transparency wave length
window also have a high refractive index in excess of 3. As a re-

sult of this, valuable absorptance in the solar spectrum s sacrificed

due to reflection.

As a consequence of this unfortunate correlation between refract-

ive index and absorption cut off, it is necessary fo consider ways
in which the effect of this can be minimised. Two such ways have

been identified, the first is the use of interference coatings or ab-

sorber-reflector tandems. The second is @ topological or wavefront

discrimination. The former method similar to the blooming of opti-




cal lenses depends upon the use of non absorbing dielectric layers
to achieve reflection supression. Seraphim (1978) gives an example
of a series of 4 layers in an interference stack This was a molyb-
denum substrate, with a semi transparent molybdenum layer sand-
wiched between layers of aluminium oxide. This surface which was
developed for aero-space applications, had an absorptance of 0.85,
and emittance of 0.11 at 500°C. The high cost of production, and
subsequent degradation with time due to interface diffusion and
corrosion indicate that such material stacks will not find common
use in solar applications. Nevertheless, the interference component
of reflection suppression can play a role if the thickness of a black

coating is carefully controlled, although this requires at least two

surface treatments.

The topological approach to reflection suppression is to produce
multiple reflections at the surface of the material by having a rough
or matt surface texture. Hutchins (1981) describes how cavities have

a significant role to play. On a larger scale, corrugations may be

introduced to enhance this effect.

3.3.1.

Commercially available absorbing surfaces

As indicated by Hutchins (1981), the surfaces in use for solar appli-
cations demonstrate several of the mechanisms for achieving select-
ivity as discussed in the previous section, but little is known of the
proportions of each absorbing phenomenon which contribute to the
total effect for a given surface. All the available coatings are ab-
sorber reflector tandems, with a highly reflecting substrate. These
surfaces additionally depend upon surface texture and interference

effects to enhance their properties.

The manufacture of surfaces with consistent characteristics requires

close control of thickness, texture and constituent materials. Qual-

ity control and process control are particularly difficult with the

result that relatively few materials have been produced which also
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3.3.2

demonstrate adequate resistance to corresion and degradation with

time. No successful paint type application has yet been devised
7

and the three most used surfaces, nickel black ( nickel-zinc-sul-
fide) chrome black (chromium oxide) and copper oxide are all the
result of chemical or electro chemical processes and all break down

at elevated temperatures approaching 300°C, see also Mason (1983).

Effectiveness of a selective absorber.

3.4.

The effectiveness of a selective surface can be judged from the rat-
io of the solar absorptance to the emittance at the temperature in
question, selective surfaces with a metal substrate all demonstrate
an increase in thermal emittance with temperature and it is neces-
sary therefore to ensure that this variation is accounted for. Koltun
(1981) has prepared a table reproduced as table 3.1., in which the
emittance, absorptance and WE ratio for various selective sur-
faces are shown, similar tables can be found in Duffie & Beckman
(1980) and Meinel & Meinel (1978). The same information for

"Maxorb" is also included.

It is apparent from table 3.1. that the most effective surfaces ap-
pear to be interference stacks. However these structures demon-
strate very low emittance at the cost of reduced absorptance. The
benefit of this low emittance may be outweighed by the reduced
absorbtance, dependent upon the other energy fransport ceefficients
which are acting upon the surface. If for example the heat transfer
due to conduction and convection is significantly greater than that
due to radiation, then the reduced radiation component will have

little effect, and the reduced absorbtance will be detrimental.

Spectrally Selective Reflecting Surfaces.

The use of such surfaces which transmit energy in the solar spectrum,

. L4 1"
but reflect thermal infra red radiation is of value as a "heat mirror—.

The surface must be considered in conjunction with a substrate which

is fronsporen’r to solar radiation.
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Two uses have been propaesed for such materials,

either as a means

of reducing the radiant heat loss through a window, or of reducing
the heat gain through a window. This is achieved by having the

reflecting surface towards the interior or the exterior of the build-

ing in question.

Lampert (1981) presents a valuable review of recent developments
in reflecting film technology. Progress in the depcsition of metal
and metal oxide films upon various substrates has resulted in many
possible heat mirror coatings, ~ some 170 coating types are listed
by Lampert and a selection is given in table 3.2. The technology
employed is already developed, brief mention will be made of 3

of the techniques.

a. Chemical Vapour Depasition (C.V.D.)

This gaseous reactive feéhnique for depasition may employ the
hydrolysis of metallic chlorides, or the pyrolysis of organo-metallic
or metal salts. These techniques require a heated substrate, and are
restricted to use with glass, and further restricted to low alkali or
fused silica glass in the case of pyrolysis. The surfaces so produced
are generally of Indium oxide, Silicon oxide or Tin oxide. Recent
developments in plasma assisted CVD may lead to effective low

temperature pyrolysis techniques.

b. Physical Vapour Depaosition.

The deposition of an evaporated vapour on a cooled surface in a
vacuum is well known, and large commercial coaters have been in
use in industry for many years. The need for evacuation naturally
renders the technique relatively complicated in comparison to CVD
techniques. Materials are boiled or sublimed by resistance heating,

2Pc1

inductive heating, or electron beam heating in a vacuum of 10

or less.
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A very similar process is employed in reactive evaporation, where
a background gas pressure is maintained as a reactive atmosphere .
Oxides and nitrides can be produced in this manner. This system
also allows the use of R.F. sputtering which has the advantage of
being directional, and so less wasteful of material, but is also slow.
Magnetron sputtering, in which stray electrons are prevented from
being involved in the process by the use of a magnetic field, allows

lower operating temperatures.

c. lon Plating.
lon plating is a process in which purposeful ion bombardment is used
to promote film growth by using the substrate as a cathode either in

vacuum, or with a reactive atmosphere .

The materials most often employed are Indium, Indium/Tin, or Silicon
Oxides, although potential exists for Antimony compounds and Cadmi-
um Stanate. In fact all the transparent semi-conductors may offer some
potential. Unprotected metal films offer good thermal performance ,

but are inherently fragile and prone to corrosion.

Indium Oxide is of particular interest. Polyester coated with Indium
Oxide is produced experimem‘o!i); by Dr. R. Howson at Loughborough
University, (Howson et al 1979). Samples of this material have been
made available to the author for experimental purposes. This materi-
al is produced by reactive magnetron sputtering in an oxygen atmos=-
phere . This material on 75mm polyester film has a solar energy trans-
mission (normal) of 0.8 and a thermal infra red emittance of 0.3
(normal). This data was supplied by Dr. Howson for the samples which
he provided, and checked by ICl Plastics Division, who also provided

data for other candidate materials as indicated in table 3.3. given by

Stay (1982).
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3.5.

Limitations of Selective Surfaces.

It would seem that the use of a surface with selective properties
would assist in preventing heat loss from objects and, in sunlight,
providing a heat gain. Unfortunately this is not necessarily the
case; under normal circumstances the heat loss from g bady is the
combined result of radiant, convective and conductive effects.

In the case of a body in moving air at moderate temperatures, as
indicated in Chapter 4, the convective heat loss is somewhat grea-
ter than the radiative component. In consequence there is little
incentive to reduce the radiative component of the loss unless con-
vection is also suppressed. Furthermore, the properties of the selec-
tive surface are neutralised by such extraneous factors as dust, ex-

cessive moisture, corrosion and deposited films.

These limitations of selective surfaces dictate their use in solar ener-
gy applications (where selectivity relates to the solar/hermal infra

red spectra) and where the surface can be provided with a protected
environment. The need for incident solar radiation demands that this
protection is provided by a translucent material which must fulfil the

dual role of environmental protection and convection suppression.
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The performance o the proposed medule as an effective insulating medium
is determined by the manner in wh ich energy is transmitted through it. This
is true not only of steady state conditions, but also of variable te.iperature
and energy inputs. This chapter is concerned wi th the way in which these

energy flows can be analysed and their effects optimised.

The module is visualised as a series of closed vertical cells, and heat
transfer acress such a cell takes place by radiation, convection, and
conduction. With an inner cell inedium of air, which itself does not
contribute significantly to the radiation component of transfer, the convec-

tive/conductive effects can be considered independently of the other radia-

4. Aspects of Heat Transfer

4.1. Heat Transfer in a Closed Cel|
tive effect.

4.1.1. Radiant Heat Transfer.

The basic mechanis:n of radiant heat transfer is explained in Chapter 3 as
a means of describing the properties of selective surfaces.

The condition of radiation transfer between the faces of a closed cell

is considered in its simplest form as that of two infinitely large parallel
plates, each at a different constant temperature. The theoretical heat
transfer coefficient for such an arrangement is given by several authors,
including Duffie and Beckman (1980) and Holman (1972) for opaque dif-

fusely reflecting plates:

4 4
™ é(Tz‘T' ) 4.1,
5 ite. 1 ,l-€q

.’_————
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Where = Temperature - K

= Hemispherical emittance

2

= Plate area - m

Stephan Boltzman constant.

D& P> M H
I

= Energy flow. Watts
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In this case, the areas of the two plates are equal,

and the energy

flow per unit area is given by.

9. 6(-T%

4.2,
=€ sl +1-€; ?
€, =

4
. 6(1-T7) 4

This expression is regularly quoted without definition. [t will be
shown that the basis of this derivation is of considerable importance
when considering transparent plates and multiple cells. Sparrow
and Cess (1977) present electrical analogue methods for assessing
radiation networks, but for the relatively simple case under con-

sideration this is not necessary.

Consider two plates at different temperatures, the net heat transfer
will result from the difference between the total energy falling upon
each surface, The energy falling upon each surface is denoted as G]
and Gy respectively. Each surface will also radiate, according to
its temperature and emittance, an energy termed E; and E2, and will
reflect a proportion of the energy falling upon its surface given by
P] G, and P2 G, where ' Q' is the reflectivity of the surface.

This situation is shown diagramatically in Figure 4.1.

The energy foliing upon each plate is then given by
= 4.
G] (3 2 GZ+E2 4
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Transposing;

Gy (1-Bp) = e,E4E, ‘s
G2 (1 -P1P2) = PiE2+E, 4.7.
and
G2-G]= Pi E2+E] ‘?—ZE]+E2 4.8,
(-0,
but P=1-0< =1 -¢€ for an opaque material and
E=ber?
Then  Gp-Gy= Q= ¢ (( 1 41t F esTs
2 ] 6 (0 1-€) €1 +€|T])‘((]‘€2\)€,T]+€ZT2))
1-(01-€) (1-6)
= 4 _ 1.4
0f & T -T)") 4.10.
€2+€I‘€2€I
]/ej‘ + 1/52- ]

The author has found this visualisation to be very useful, as it allows
individual equations to be established for each surface in question, in

relation to the otte r surfaces.

Extending the analysis a little further, if tte faces of the cell are not
opaque, but are partially transparent, as indicated in figure 42..

t hen the equations for each face become:

- .12,
61 (32(32+E2+”l“2 G3 4

- v 4.13.
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Where T = Transmittance of the cell wall. These equations define

the energy flow through the cell dependent upon the external energy

flows which are incident upon it.

Extending still further, for finite cells, we must take into account the
effect of the edges of the cell, and the resulting disruption of the

simple case. Figure 4.3. shows this situation, and the resulting

equations are:

G1A] = PaGof AA| +T, G FA Art 0.Gof AMET#FAApETA FBAz)é, 4.14

G2A' '-el G]FAA]+T'GOFAA]+ESG3FCA2*(€T]4FGA]+€:;4FCAZ) 6

4.15

= 4
3ol -R,Fp) = QA1 CIFgH YA Cofp?T) O FyhriT 20 Fyh AT

4 4
+€ Ty 4F A +E,T, FBA])(,

Where subscript 's' indicates the side of the cell.

Aq the area of the opposing faces 2
2

As = the total area of the sides m
FA = the view factor of one oppasing face with

respect to the other

Fg = the view factor of one face with respect to
the sides
F. = the view factor of the sides with respect to the
face
Fp = the view factor of the sides with respect to themselves

Gz = the total radiant energy falling upon the sides

The form of these last 3 equations seems cumbersome, but they are

ideal for matrix manipulatien, as will be demonstrated in Section 3 of

this chapter.

35

4,16



4.1.2. Conductive and Convective Heat Transfer.

The conduction and convection within a closed vertical cell have been

studied by several researchers since the original work of Mull and

Reiher reported by Jacob (1949).

The general form of the derived correlations is: -

Nu=q G2 4.17

Where Nu = Nusselt Number, or the ratio of the heat transfer coeffici-

ent divided by the thermal conductivity of the air space.

Gr = Grasshoff nuinber = Rayleigh number divided by the
prandtl number = Ra/Pr

a,b = regression constants.

A summary of the early work in this area is discussed by Sharples
and Page (1979) who develops the following expressions for use

in relation to cavity walls for building purposes.

a) For slopes from horizontal to 70° heating from below

1.6
Nu=1+1.44 (1-1708 ): (1-(SIN 1.8/3) "% 1708)
Rc Cosp Rq Cos/j}

+ ((Ra CosB)5-1)7
~5830

4.18

Where:)" indicates that the term is considered to be zero if neg-

ative.

ﬂ = Slope from the horizontal in degress.



9 Bt &3

Voo

Ra = Rayleigh Number =

Where

3

1l

Volumetric coefficient of expansion of air, assumed

to be 1/K
al = Temperature difference between the plates K

o< = The kinematic viscosity of air at the mean tenperature.
9 = Gravitational constant 9.81 m/s:2
Vv = Ceefficient of diffusivity of air at mean te.nperature m* /s

& = Distance between the plates m
b) For slopes from 70° to the vertical
Nu = Nu evaluated at 70°

Duffie and Beckman (1980) also recommend this relationship.

This relationship is not entirely satisfactory as its basis is the work
of Hollands (1975) which did not purport to cover slopes in excess
of 60°. Additionally, this relationship does not provide any cor-
relation with the aspect ratio of the gap which has been found to
be a variable by Raithby et al (1977). In the context of cavity
walls which would normally exhibit large aspect ratics, this is not
important, but may well be in relation to the wall medule, as

shown in Figure 4.3. and described in Sechion2.7.

The latest experimental work reporfed by Hollands (1981) accom-

modates both these dbjections, and offers the following correlations

for vertical cells.

-
a) For aspect ratio = 5 and Ra < 2x10

27



b)

Nz (14(0.193Ra% 3\3 .
g or 0.0605Ra > 4.19.
( §1+(1800Rc)]'29% ° 7

Whichever is the greater

For aspect ratios = 10 and Ra < 1.5x 107

]
Nu = (1 + (.125Rc0'28)9> /9 o 0.061 Ra®

4.20
Whichever is the greater.

Aspect ratio =20 and Ra <1 .3><1O6
Aspect ratio = 40 and Ra < 4x10°
Aspect ratio = 80 and Ra £2.5x10%
Aspect ratio = 110 and Ra ot

) ]/
Nu=(1+ (064Ra°)P) /P 4.2]

Where p = 6.5 for A=20 and = 0.314-8! for aspect ratios
greater than 40.

These relationships are extremely cumbersome to apply, and the

author has been unable to establish an effective cross correlation

to evaluate the value at intermediate aspect ratios.

The solution to this problem was found by digital computation. The

sideration. The heat flow at the cell aspect ratio is then determined

technique involves evaluating the heat flow for a given cell at both

of the aspect ratios above and below the cell aspect ratio under con-

by linear interpolation.

nomial correlation.

Figure 4.4. shows the result of this computation for a typical cell
temperature range. In view of the smooth transition between the
Hollands correlated points, the author has employed this linear cor=

relation model rather than employing a more sophisticated poly-

The computer program to achieve this is incor-

porated as a subroutine in Appendix 4.1.
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The experimental results of Holland were produced in test cells
which had the edge temperature controlled to be the mean of the
plate temperatures. In a practical situation, this may not be the

case, and corrections may be required, as discussed in Chapter

5.8.

The curves shown in Figure 4.4. are of considerable value, as

they indicate that the heat transfer across a cell has a well de-
veloped heel at a gap of approximately 25mm:. In consequence, any
gap greater than this will confer little benefit in reducing heat

flow.

Figure 4.5. shows the variation of heat flow with temperature for

a 25mm gap. The derived nusselt number is also shown, and con-
trasted with that produced by the Holland (1975) correlation recom-
mended by Sharples (1979). This latter relationship indicates a cut-
off heat transfer condition at 4°C temperature difference for a
single cell. This observation led the author to suppose that a 5
screen array was required to minimise convective heat flow with

an overall temperature difference of 20°C. As can be seen from
Hollands (1980), this supposition was entirely unjustified, and the
subsequent analysis which demonstrated that a five screen array

gave satisfactory characteristics was fortuitous.
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4.1.3. Combined Heat Transfer

The combined convective, conductive and radiative heat transfer
coefficients for a particular cell result in the overall heat fransfer
coefficient. The effects are additive i.e. the heat transfer co-
efficient of the cell in total is the sum of the individual coeffic-

ients. The heat flow in this case is given by:

Q= hrx(T] = To) + he (T] -To) 4,22
Where hr = radiative heat transfer coefficient

hc = convective heat transfer coefficient

The problem here is that the radiative heat transfer coefficient as

recommended by Duffie and Beckman (1980) and others is given by:

hr = (Tq + T2)(T]2+T22) 4.23

1
JE, + 1 -1
] /62

This is a much simplified expression but still renders the evaluation
of temperatures from a given heat flow very difficult. If one of
the temperatures is-known, then the other can be found by repeated

iteration of the expression

Q= (T +T)M2-T2 x (Ty= T+ he(T) -To)  4.24

', RS
€ 1 + € 2

This expression must be evaluated for an estimated value of the un-
known temperature. The resulting overall heat transfer coefficient
is evaluated, and this value used in conjunction with the known
heat flow, and a second estimate of the unknown temperature made .

This process is repeated until the estimated and evaluated tempera-

tures are sufficiently similar.
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4.2.

This procedure works quite well for opaque screens when the in-
finite plate approximation is acceptable, but it is very difficult to
apply if these conditions are not acceptable. An alternative method

will be described in the next section of this chapter.

Heat Transfer through a Series of Cells

The preceding three sections have indicated the heat transfer regime

through a single vertical cell. In the case of the module, we have

a series of such cells.

Duffie and Beckman (1980) have considered the problem, and offer
an analysis based upon Figure 4.6. In this analysis, a heat flow and
absorber temperature are assumed. This heat flow is then employed
cell by cell using the iterative methoed indicated in the previous
section, until a screen temperature is arrived at. If this screen temp-
erature results in a loss to the atmosphere which is different to that
assumed, the heat flow is modified and the process repeated until the

computed loss and heat flow are sufficiently similar.

This process is somewhat tedious but can be applied using simple com-
puter techniques, and was used in a modified way for the initial evalua-
tion of the proposed module incorporating glass screens. However it is
of no value in computing the radiant heat transfer coefficients when
partially transparent screens are involved, and a different technique is
required. Whillier (1977) offers a series of algebraic relationships for
two semi transparent screens and a third glass outer screen, but these

re lationships present considerable difficulty if the simple approximation
of infinite plates is not assumed. Edwards (1977) suggests that in the
analysis of solar radiation transmission the screens can be considered

as an increasing stack, and the effective reflectivity of the stack com-
puted as each element is added. This may well be satisfactory for solar

spectrum radiation, but for thermal infra red radiation, the emitted

energy of the screens and absorber complicates the analysis.
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Returning to the analysis presented in Section 1 of this chapter,

it is clear that the equations can be arranged for each surface so
as to produce two matrices and associated vectors in terms of the
total radiation falling upon each face of each screen, and the
temperature of each screen. Figures 4.7. and 4.8. show these
two matrices and the associated vectors. The matrix associated
with the 'G' vector is termed the GCF matrix, and that associa-
ted with the T4 vector the T4cE matrix. It is clear then that these

may be arranged as follows:

[ccF] x(a) = - [14cF) x [14] 4.25
From which [G) =- INV[GCF] x[f4cf] x[14]  4.26

The required inversion of the GCF matrix is readily performed by
computer, and the resulting 'G' vector can be computed for an

assumed range of screen tenperatures.

Similarly, a matrix solutian can be applied to the conve ctive con-
ponents of heat transfer, and the conduction through each screen.
This is a simple process and need not be resorted to because the
convective component of each cell can be simply calculated from
the assumed te nperature field. With the convective component and
radiative component identified, the overall heat transfer coefficient
can be computed for each cell. If a heat flow is assumed this can

then be used with each cell heat transfer coefficient to evaluate a

second temperature field which is then used to repeat the procedure,
until the heat flow through each cell .natches the assumed valee .

The extreme values of the temperature vector so produced, in

conjunction with the assuned heat flow results in the overall ke at

transfer coefficient fa the entire array. This can be repeated for

different assumed heat flows to produce a profile of the screen
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array heat transfer coefficient for various temperature differences

between the absorber and outer screen. This whole process can

then be repeated for various types of screen and absorber material,

and configurations of screen.

The application of this method will be discussed in Chapters 5 and

6 for experimental and simulation calculations.

Some corroboration of this matrix technique is provided by the paral-
lel work of Hollands (1983) who develops a similar method of analysis,

but without considering the sides of the enclosure.
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4.3.

Heat Transfer to the Atmosphere

The preceding sections have considered the analysis of the heat
transfer from the absorber to the outer screen. The loss from the
outer screen to the atmosphere, is the natural extension of that
loss, and it follows that the energy entaring the outer screen must
equal that leaving it, and the heat transfer coefficient from the
screen to the atmasphere is complementary to the heat transfer co-

efficient from the absorber to the outer screen.

The heat loss from the outer screen consists of two components,
the convective or wind loss, and the radiative loss. This former
loss is readily deduced, and provided that it is of a reasonable
value does not affect the overall 'U' factor dramatically. This is
shown by Cole and Sturrock (1977), and is due to the dominant
effect of the low heat transfer coefficient from the absorber to the
outer screen. Various correlations have been established for this,

Duffie & Beckman (1980) recommend a value of:
hw = 2.8+ 3V  for vertical surface 4,27

Where hw = the wind heat transfer coefficient in

Watts/m2°C

V = Wind speed metres/second.

Alternatively, Sharples (1980) suggests a relationship based upon

building surface speeds derived for windward and leeward surfaces

as follows:

-
b = 18.6x U 060 w/m? K 4.28

w

Where U = 0.25x UforU=1%02 metres/second.
U. = 0.5xU  for U> 2 metres/second.

S

The above for windward surfaces.



and for leeward surfaces

Us = 0.05U+ 0.3 metres/second 4,29
Where U = wind speed.

Because of the insensitivity of the module to the actual component
of windspeed, the correlation suggested by Duffie and Beckman

was adopted.

The radiative component of loss from the outer screen is much
more complex. The problem relates to establishing an effective
emissivity for the ground and atmasphere to compute the longwave
radiation incident upon the outer screen. This has led some writers
to imply an effective temperature for the atmosphere when com-
puting the radiant heat loss. Duffie and Beckman (1980) suggest
this course of action, and further suggest that the heat loss so
computed is rationalised to a heat transfer coefficient by dividing
by the difference between the air temperature and outer screen
temperature. Such a procedure is simplistic, and implies that the
screen temperature cannot fall below that of the air temperature.
This is not the case, as under some conditions of atmosphere the
radiant loss is sufficient to reduce the outer screen temperature to
a value below that of the air. In this case the air in fact contributes

to the energy input to the outer screen.

An energy balance for the module outer screen can be considered

as follows:

4 _ 4 4 4
hw (Ts‘Toir)‘*‘é 55T4:hm(Tc _Ts )+ éechir + éESTQ +5 4.30
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Whe re Ts =  Screen temperature K

Tqir & Air temperature K
€q = Quter screen eniittance
hn =  Heat transfer coefficient from the

absorber to the outer screen.

€, = Effective atmospheric emittance

69 =  Effective ground emittance

Tg =  Ground temperature K

S = Solar energy absorbed by the outer scree n
in watts

T, = Absorber terperature. K

From the above, the outer screen temperature can be evaluated

by the iterative application of:

_ 4 4
T = thTair+hWXT°r+ (QCLTair"«ﬁLE.gTg -ESTS1 +s)  (hw+hy)
Where Tq is an iterated guess at the value of Ts.

Once the outer screen te sperature is deduced, the teat loss fron

the module is found from the known heat transfer coefficient hm.

The above analysis works well when the heat transfer mefficent
from the absorber to the room is large in comparison to that from
the absorber to the outer screen. In the absence of an outer

screen, when considering the lasses from a conventional wall, an

altemnative analysis nust be used, which will be explained in the

next section.

The effective emittances of atmosphere and ground have been

evaluated by Unsworth and Montieth (1975) as follows:
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Emittance of the atmosphere

€a= 0.7+ .09(.5x Lan))x 5+ .09x .35

For bright sky conditions, and

€a=  (.952+.0144x (. 5LaWp))x .5+ .0144x .35

For overcast conditions.

Where Wp = precipitable water content of the atmosphere.
The evaluation of Wp is considered in Chapter 6.

Emi ttance of ground

4
63 = 0.5x T

4

a
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4.4,

Heat Transfer into the Room

The heat transferred from the rear surface of the module storage
slab is similar to that discussed in the previous section, as it

consists of convective and radiative components.

The convective component of heat transfer has been studied by
Sharples (1980) who derives his data from the Ashrae (1977) data.
In this case, the heat transfer coefficient is not augmented by
wind, and a coefficient of 3 wa’r’rs/mzoC is recommended as being

typical for vertical walls.

The radiative heat loss presents more problems, as it depends upon
the nature and temperature of the other walls of the room. However,
assuming the room behaves as a black body with respect to medule,

the following expression can be used as discussed by Sharples (1980).

2 .2
b= € (T T +T) 4.35
Where €m = Emittance of the module slab surface,
taken as 0.95.
T = Module surface temperature K
m
T = Surface temperature of the room walls,
r .
taken as being the room air temperature. K
h = Radiative heat transfer coefficient w/m20K
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4.5.

Transient Analysis of the Module

Because the screen elements of the module are essentially lighf-—
weight constructions, the transient analysis of the module can be
restricted to consideration of the storage slab. Various methods
can be used; finite element and finite difference techniques can
be readily applied, but the development of a partial differential
equation solution presents problems due to the continuously vary-
ing boundary conditions of solar input and surface temperature.
Some researchers have applied a fourier technique as indicated by
Mathur (1978). The problem which is presented by the slab of the
module can be considered as essentially a one dimensional heat
flow, and the technique of finite differences was chesen as the
simplest method. This technique is explored in detail by Croft
and Lilley (1977), but is briefly explained as follows for one
dimensional heat flow where the loss of heat from the edge of the

slab is neglected.

Figure 4.9. illustrates a system of nodal points, equally dividing
the thickness of the slab. Considering the situation of an inner
node. The heat gained by an element of volume over a pericd of

time is cpproximc’rely:

3 1
H = (bxcpxaﬁ (T -T) 4.36

Where H = The heat absorbed over the time in quest-

jon by the volume of material associated

with the node, in Joules.

2
(3 = The density of the material kg/m
cC = Specific heat of the material 1/kg
P
N g = Nedal distance
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Tn = The temperature of the node at the

beginning of the period in question. K

]
T = Temperature of the node at the end of

the period in question.K

The heat absorbed or lost by the material associated with the node
must have been derived from its adjacent nodes, and this is found

as being:

] 2
_])x£ xAZ fo+(Tr}~T ])xk xazzx At 4.37

(T1-T ]
Y ntlay

f rom which

1
ey al (Th —Tn]) = (Tn' - Ta=1)x k + (Tn] - T+ ll)x k 4.38
at Al A7

]
o o (Tp=T, D = l-1 3 +0 -1 MR 4.39

where D<=PCpAg /a t; /3=k/Ag

Croft and Lilley proceed from this point to derive algebraic relation-
ships for these nodal temperatures, but for computational purposes

the author has found it to be more convenient to rearrange as follows:

1 ] f T _
_/STnJ +MTn +2ﬁTn ./STn-&-] _°<Tn 4.40

Clearly, this will give a series of simultaneous equations for the

unknown future nodal temperatures in terms of the known initial

temperatures.

The situation with the surface nodes is a little more complicated,

and can be established as foll ows referring again to Figure 4.9.

The energy into the nodal volume over a given time is by:

' 3
H = chx_A_}_ (TS-T;) 4.4
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and the energy from the outside is given by:

_ 1
H = (TO-TS)xhch’r+sfo 4.42

where 4 t is the time interval

where s =solar input, T = temperature of the outer cover

hy, = module heat loss factor

The energy from the inner node is:
: .
(Ts+]_TS ) x@Bx at 4.43

From these, the resulting nod al equation is

(k/2+ B+ h)Td -AT 1
/ /2 >5 /354-1 :h:XTq+°</2xTS+S 4 44

A similar expression can be derived for the inner or room surface

as being

-ﬁTR_]+(0(/2+/3)TR1+h2=°(/2xTR+h2x Tq 445
These equations can be arranged into a coetticient matrix with
associated future temperature vector and wha is effectively a
nodal heat gain vector, these are shown in Figure 4.10 for an
eight node solution. The solution is found by simple matrix inversion

of the temperature coefficient matrix.

I+ should be noted that the above description is termed a forward

pass, in that the unknown temperatures are all in the future. This

4y

.
gives what are termed implicit equations. An alternative is to
employ a backward pass, in which the equatians are set up assuming

present conditions, and tte future condition extrapolated. This

gives rise to "explicit equations” which are more easily solved by

manual means, but which also give rise to problems of computational

stability, and consequent restriction of the time interval employed.

Fa the eight node implicit system shown, a time interval of 300

seconds was found to be acceptable.
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5.1.

Experi.nental Considerations.

It was apparent, from the lack of published data, that the heat
transfer calculations associated with multiple screens which may

be transparent to thermal infra-red radiation may be questionable.
It was decided to conduct a series of experiients with the objective

of demonstrating the validity of the calculations which are discussed

in Chapter 4.

Choice of Type of Experiment

The classic way of determining the heat flow rates for this type of
situation is that reported by Hollands (1975 ). Typically, a cell is
created by metal plates of known emissivity, with edges capable of
being maintained at the mean temperature of the plcfes-. The plates
are then subjected to a temperature differential by either a wa ter
jacket, or electrical heating, and the heat flow measured using

heat flow transducers.

From a purely practical point of view, there were two reasons why
this approach was not appropriate for this project. The first reason
was one of cost, it had becomne apparent that INCO's trading position
was deteriorating, and as a result the project had to proceed on very
much a petty acash &sis. The second problem was time, the time
needed to procure and fabricate equipment as sophisticated as
Hollands' own would have been prohibitive, as there was no possibility
of extending the project beyond its three year projected timescale.

As events have shown, this constraint was to prove even rore onerous

than was thought probable.

Bearing these factars in mind, it was decided to conduct the experi-

ments upon a small scale replica of the module which would be well

insulated to reduce incidental heat losses. The size of the replica

was influenced by three considerations; firstly the width of "Maxorb
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5.2.

available, secondly, the physical size for the purposes of the
author lifting and manceuvring it, and thirdly the wish to confirm

Hollands' aspect ratio effect on the convective cell heat tranﬁfer

coefficient.

The experimental module was designed as indicated in Figure 5.1.
as a compromise between these requirements. The cbjective of the
experiment was to heat the "Maxorb" absorber with a series of five
screens in front of it, and to measure the thermal input and lesses,
and the temperature difference from the absorber to the outer screen.
This would provide a basis on which the computational methods al-

ready discussed could be demonstrated.

Energy input and Measurement.

Energy input to the absorber was provided by making an electric
heater out of the "Maxorb" itself. This was achieved by scribing
appropriate channels in the "Maxorb" to create a flat serpentine
ribbon through which an electric current could be passed. By
measuring the current used, and the voltage across the input ter-
minals, the energy input could be easily determined. In this way

it was possible to avoid costly calorimetry or heat flux tranducers.

Figure 5.2. shows a diagram of the "Maxorb" heater so produced.
To provide rigidity, and to ensure an even temperature profile

over the absorber surface, it is stukonto an aluminium plate. The
first plate employed was Imm thick, but this was found to result in
a temperature variation of 1.7°C over the plate which was thought
to be excessive. The problem was overcome by using a 10 mm thick

plate and a plate carrier of balsa wood rather than plywood.
This method of energy input and measurement proved to be success-

ful, and contributed to the reproducibility of the experimental pro-

cedure as indicated in Section 5.7.
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5.3.

Temperature Measurement

It was apparent that the measurement of temperature would be as
critical as that of the energy input measurement. The nature of
the experiment precluded the use of standard thermometers.
Thermocouples were considered to be insufficiently sensitive to
produce the 0.1°C sensitivity thought to be required. This sensi-

tivity was necessary if measurements of individual cell temperature

variations down to .2°C were to be possible.

It was decided to employ a temperature transducer marketed by
Analogue Devices Ltd., known as the AD 590 and described in
Analogue Devices (1981). This device employs the variation in
transistor junction voltage as a temperature indicator. Further-

more it is remarkably unobtrusive and has an output current which

is virtually independent of the impedance of the measuring circuit
which avoids the problems of connecting cable compensation associa-

ted with thermocouples.

The one problem which the author anticipated with this device is
its own self heating effect due to the current produced. This effect
depends upon the heat sink with which it is associated, and is dis-

cussed further in Section 5.6.

In service these transducers have proved to be very reliable and

only one of the twenty which were purchased failed to function.

The current output from the transducers which is in the order of
| 4 A/°C gives a voltage output of 1 mv/K when passed through a

1000 ohm resistor.

To allow the simultaneous use of a series of transducers an instru-
ment was designed and constructed fo accommodate 18 transducers,
cach one of which could be accessed by a pair of decade switches.
The instrument also accommodated a stabilised d.c. power supply

to drive the transducers with the required 5 volt input, and a digital

thermometer.



5.4.

Calibration.

There were three aspects of calibration required for the equipment

employed, namely input energy measurement, heat lass measurement,

and temperature measurement .

The calibration of heat input measurement was simply achieved by
comparing the readings of the instruments used with those of instru-
ments of known accuracy. It was found that although the voltmeter
employed gave readings consistent within the accuracy of actually
taking the reading from the pointer, the ammeter gave readings which

were consistantly 5% low.

The evaluation of the thermal characteristics of the insulated boxes,
and screen carrier was conducted in fwo stages. Firstly, the end box
was calibrated by placing two identical boxes back to back, from
which the heat flow from either box could be calculated when the
heater was interposed and raised to various temperatures. In the
second stage, the screen carrier heat loss characteristics were
determined by placing the screen carrier between both end boxes,
with identical heaters at either end. The heaters were then brought
to various temperatures, and the associated temperature gradient of
the screen carrier recorded. In this way the losses from the ends and

the carrier could be isolated and characterised.

The calibration of the module configuration was established by
making up a five glass screen configuration in the screen carrier.
This allowed the individual screen temperatures and mean cell
temperatures to be established, so characterising the edge losses
from each cell, and providing a measure of screen temperatures
which could be used to modify the computer program which would
then be employed to compare computed results with other experi-
mental results for different screen materials. It was necessary to
employ glass screens for this purpase because of the difficulty of
thin plastic film which is franspar=

measuring the temperature of a

ent to thermal infra-red radiation.



5.5.

Temperature calibration of the transducers was carried out in two
stages. The first was to calibrate several transducers by comparison
with NPL certified full depth mercury thermometers in an NPL cali-
bration water bath. The most accurate of these transducers was then
retained as a reference. Subsequent calibration was carried out by
placing transducers in rosette fashion at the centre of the back face
of the heater plate which represented a massive heat sink. The plate
was then placed between the end boxes, brought to temperature, and
allowed to achieve equilibrium before being allowed to cool down.
During the cooling pericd comparative readings of the transducer
temperatures were taken. The transducer readings had been previ-
ously set to zero with respect to the reference transducer at room
temperature. The calibration curves so obtained were substantial-

ly linear, and their algebraic correlation equations are given in

Results Sheel 1.

Environmental Influences.

The first attempts to determine the thermal characteristics of the
experimental equipment proved difficult to achieve any consistency
of results. This was found to be the result of large fluctuations in
air temperature due to central heating, persons opening and

closing the workshop door, and apparent solar gains.

The answer to this lay in finding a relatively stable thermal environ-
ment, and an old test cell with thick concrete walls, and a double
door entry system was found and refurbished. This test cell provided

a maximum temperature variation of 1°C per day, but on most days

there was no perceptible change.

To reduce the risk of spurious inputs to the equipment by room light-
ing, the wall which the equipment faced was painted matt black.

Subsequent checks revealed that a period of twenty minutes elapsed

between a person enfering the test cell, and any perceptible change

in the temperature readings of the equipment fransducers. In con-

sequence, all results were taken immediately upon entering the test

cell.



5.6. Experimental Procedure

The procedure employed in all the experiments was as follows:

a) Assemble the apparatus and leave for 24 hours to achieve

steady state conditions.

b)  Adjust all temperature transducers to zero reading with
respect to the reference transducer, which was placed

in the centre of the primary hot plate.

c) Using a stabilised D.C. power supply, a voltage was ap-

plied to the "Maxorb" heating element, and the apparatus

allowed to reach equilibrium for 24 hours. Experience
showed that equilibrium was achieved more quickly if the
temperature of the hot plate was boosted to 5°C greater
than that expected from the voltage applied. This was
repeated to give a series of five readings with hot plate
temperatures up to 30°C above the room temperature.
The disposition of the transducers for each experimental
configuration is indicated in the appropriate results sheet

in Appendix 2.

d) The equipment was stripped completely, and the process

indicated in @), b) and ¢) above repeated.

In this way, it was expected to reduce variations in results which
may have been introduced by time scale effects. To check this,
several tests were allowed to continue over long week-ends, but
no difference in result was noted. In general, if no change in

the readings was observed over a two hour period then the appara-

tus could be regarded as stable.
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5.7.

Experimental Results.

After initial preparatory trials, and a period of heating to allow

excess moisture to be driven off, the following series of experi-

ments was undertaken for the purposes previously discussed.

a)

With the end boxes, hot plate and carrier only. The joint

between the boxes and the carrier was sealed using masking
tape. Temperature transducers were placed at the centre
rear face of the hotplate, and the centre inner faces of the
hot box outer plywood sheets. The configuration and re-

sults obtained are indicated in Appendix 2, results sheet A,

With the end boxes, and screen carrier and two similar

hotplates and carriers. Once again the joints were sealed

with masking tape. The transducers in the screen carrier
were sealed in a proprietry domestic sealing compound in
channels cut into the inner surface of the screen carrier.
The disposition of transducers and results are as indicated

in Appendix 2, results sheet B.

With the end box, hot plate and carrier and screen carrier

all sealed with masking tape. Five glass screens were in-

serted into the screen carrier, each separated by 25mm.
temperature transducers were placed at the centre top and
bottom of each inter screen cell so formed. The screens
were sealed at the edges using a proprietary sealing com-

pound. Results are shown in Appendix 2, results sheet C.

The experiment referred fo in ¢) the previous paragraph
was repeated, but the four inner glass screens were re-
placed by polythene. The polythene was supporfed on

a wooden frame . Results are shown in Appendix 2, results

sheet D.

58



e) The experiment indicated in the previous section was re-
peated, with the three inner screens of polythene, and
the fourth screen of melinex with a reflective indium
oxide layer as supplied by Dr. Howson of Lay ghb orough
University. This screen was again supported on a wooden

frame. Results are indicated in Appendix 2, results sheet

E.

f)  The experiment was repeated with two inner polythene
screens, followed by two screens of highly reflective alumin-
ised polyester film supplied by ICl Limited, Plastics Division.

Results are indicated in Appendix 2, results sheet F.

g) For comparison purposes a further experiment was conducted
using a three inner polythene screens, and one outer glass

screen. Results are shown in Appendix 2, results sheet G.

h) A further experiment with glass screens was conducted to
assess the temperature drop acress the glass screens, and

results are shown in Appendix 2, results sheet H.

The measurement of glass screen temperature was done by taping a
transducer to the surface of the glass screen using masking tape. To

reduce the effect of thermal radiation on the transducers, a wad of

fibreglass was then taped over the transducer.

For each assembly, the screens were cleansed of dust and finger -

marks, using scapy water.

The results of the experiments a ) to g) are summarised in graphical

form in Figure 5.3. In this figure, the X axis which is labelled the

reference temperature difference, is the temperature difference bet-

ween the centre rear of the hot plate and the centre inner of the

end box. This temperature difference is used in all the experiment-

al data graphical plots.
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5.8.

The results of individual experimental configurations in Figure
5.3. show a satisfactory consistence, and are close to the mean
regression lines computed from the data. As anticipated, the
relatively transparent polythene screens show a greater thermal
input than the opaque glass screen configuration, and the double

aluminised screen configuration shows a lower power input than

the single Howson Variant.

The multiple glass screen experiment shows an excellent reproduc-
ibility, with all the points from the three different experimznts
lying close to the mean regression line for each screen as indicated

in Figure 5.4.

Analysis of Results

The experimental results were consistent and reproducible, but
various heat loss effects must be taken into account in order to

model the situation.

1. Heat losses from each cell edge.

The loss from each cell into the screen carrier can be estimated by

determining a general radial heat transfer coefficient for the screen
carrier, and applying this to each cell for each configuration. The
resulting indicated heat loss from the cell is not that which actually

occurs, but should be indicative of it. A further correction is re-

quired which will be discussed in the next section.

This screen carrier radial heat loss characteristic can be determined

as follows:

a) For a given reference temperature difference, the heat

loss Hg from the end boxes can be estimated from the

results of experiment a)in Appendix 2.

H =-.00223+.1337x bt 5.1.
e

&0



b) The heat loss from the screen carrier plus boxes

==-.190+ .253 2t from experiment b) 5.2.

c) The heat less from the carrier alone

= - .188+.1193x at 5.3.

d) The mean temperature difference from the inner surface
of the carrier to the outer end box surface is given by

regressed values from experiment b) as.
Wall temperature difference = 0.8446 at 5.4.

e) The screen carrier radial heat transfer characteristic is
then:
S 188+.1193 A
0.8446 At

5.5.

This value can then be employed with the 25mm gap to give a
cell radial heat loss characteristic which can then be multiplied
by the cell mean temperature to determine an indicative heat loss
for the cell. The cell mean temperature can be determined from

the transducers at the top and bottom of each cell.
The results of this procedure are indicated in Figures 5.5. to 5.8.

2. Further consideration of loss from the end boxes.

The loss from the end box as indicated by experiment a). must be
modified in subsequent experiments to account for the increased
heat loss arround the corner of the hot plate info the screen carrier

which is operating at a lower temperature than the end box.

This is a complex problem, and was approached by using a two
dimensional finite element technique. The author is grateful to

Mr. D.C. Hickson for the use of a computer program for this pur-

pose .
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The nodal grid is shown in Figure 5.9. The temperature inputs

for each screen configuration were determined from results at a
reference temperature difference of 30°C. The temperature at
inter-nodal points were determined by assuming that the tempera~-
ture distribution between any three points was quadratic in form,

and the corresponding isothermal lines were drawn.

An approximation to the increased heat flow into the screen carrier
was then found by drawing squares between two isothermal lines.
The heat flow is then considered as proportional to the number of

squares as described by Kreith and Black (1980).

In this way, the additional heat flow was determined for each
configuration, from which the additional less could be established.
The appropriate factors and isothermal lines are indicated in Figures

5.12 to 5.15 for each screen configuration.

3. Screen Edge Loss.

The loss from the screen edges was determined from the experi-

mental screen temperatures and the radial loss factors described

previously.

This was done by developing a computer program which computed

the screen temperatures from the modified end box loss, and indi-
vidual radial cell losses. These cell edge losses were then adjusted
to produce the correct screen temperatures with a reference tempera-
ture difference of 30°C. If the computer model is accurate, it should
also then compute screen temperatures at other reference temperature
differences, and with other screen configurations.

This program is given in Appendix 4.1. with referances to the relevant

chapters of this thesis.
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4. Comparison of results and computation .

Figures 5.16 to 5.19 show the calculated screen temperatures
compared to the screen temperatures recorded from the experi-
ments. There is a close correspondence of calculated and experi-
mental val ves, falling largely within the inner and outer screen
temperatures recorded on either side of the screens indicating

that the simulated approach is reasonable.
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Computer Mcodelling of the Solar Wall Medule.

6.1.

Thermal losses from the Medule.

In Chaprer 5.8. a methad for the analysis of heat losses through an array
of screens was developed. The method employed factors to estimate the
loss of energy from each screen interspace or cell; this was necessary
because of the relatively low aspect ratio of 12.8 to | employed by the
experimental equipment. However, in practice a ratio of 40:1 is expected,
and additionally modules will be normally arranged in multiples along a
wall. Where medules are not in multiple units, they will naturally face
end to end with same other architectural feature which will itself demon-
strate a temperature gradient similar to that of the module. For these
reasons the edge losses of a full size module in situ can be expected to be
much less, in proportion, than those associated with the experimental
equipment, and for the purpoe of the analysis of module thermal perform-

ance they have been neglected.

This allows a simplified matrix formulation in comparison to that developed
in Chapter 5.8., the simplification res ults from neglecting the side wall
loss terms in the radiation coefficient matrices. Additionally, the screens
employed in the module will be of thin plastic film, typically 754 or
less. This means that the temperature variation across the screen is in-

significant and can be neglected.

The radiation evaluation matrices which result from these s implifications

are indicated in Figure 6.1. The analysis thereafter follows that indicated

in Chapter 5.8. with the exception that the convective heat transfer

coefficient is not altered to allow for an edge loss component.

The program developed to compute the heat transfer characteristics of the

module is based upon that indicated in Chapter 5.8. and is given in
Appendix 4.2.

The results of this analysis for various combinations of screen materials is

summarised in Figure 6.2.



Several points of interest can be drawn from this figure:

1) The target loss coefficient of 0.6 w/m2 C as required
by the Building Regulations is attainable with 5
screens, namely PPHHG and below (fig &.2).

2) The combination of highly transparent inner polythene
or polypropylene screens is superior to the more opaque
varieties of melinex or glass provided that a reflecting

screen is incorporated subsequently.

3) The Maxorb' absorber is necessary to achieve 0.6 w/m2°C,

this cannot be done with a non-selective absorber.

4) The position of the reflecting screen is of great import-
ance. The best position is furthest from the absorber
due to the effect of the relatively high emittance of
the reverse side of the reflecting screen. This can be
seen by comparing the characteristic of HPPPG with
that of PPPHG, the effect is accentuated in the case

of transparent screens.

It is apparent that the most beneficial thermal characteristic is that associ-

ated with two inner polythene or polypropylene screens, followed by two

reflective screens, and a glass outer screen. A glass outer screen has been

maintained in all these comparisons for purely practical reasons, os it is

assumed that such a material will be required as an external surface for

purposes of longevity in service.

lculated

It is important to remember that the thermal characteristics as €@

above do not take into account any incident solar energy. The effect of

such energy will be to reduce the less characteristic for a given tempera=

ture difference as the energy absorbed by the screens raises the tempera-

ture of the screens and reduces the effective temperature differentials.



6.2,

Solar Transmission Thermal Gain

In Chapter 4.2. the radiation heat transfer of a series of cells is

explained, and a matrix solution developed

The situation with solar energy transmission is very similar as this is
once again a radiant heat transfer phenomenon. The following

differences apply:

a) The emitted radiation of the screens is not taken into
account, as this lies in the thermal infra-red spectrum,
and so does not materially contribute to processes in
the solar spectrum. Chapter 3.1. explains this effect

in more detail.

b) The surfaces of the screens are assumed to be specular,
and so the radiation properties of the screen vary with

the angle of incidence of the sunlight.

Referring to figure 4.2, it is evident that a series of simultaneous
equations can be set up in tems of reflectance € and Transmittance
T for each screen and the absorber. However,the values of € and
T will vary according to the angle of incidence. The matrix result-
ing from this consideration in terms of C and T s indicated in
figure 6.3. and this matrix can be equated to the incident energy
vector indicated. Simple matrix irwersion then provides the indi-
vidual companents of solar energy upon each screen surface.
The variation in reflectance and transmission can be taken into account
by considering these relationships in terms of the refractive indices
and extinction coefficients of the screen materials. These relationships

are as follows, and are given in more detail by Duffie and Beckman

(1980).
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For unpolarised radiation passing from a medium of refractive
index n, t i ive i
y o another medium of refractive index no, the per=

pendicular (ry) and parallel (rp) reflectances are given by:

SinZ ©,-6) 6.1.

Sin” (8,46 )

2
tan -
.= (0,-6) 6.2.
P tan” (& ,+ 6 )
Wh = z
ere r 3 (rS + rp) 6.3.
& | = angle of incidence
G 5 = angle of refraction
o7 reflectance perpendicular to the plane of
incidence
rp = reflectance parallel to the plane of incidence
rooo= total reflectance

The angles 62 and (9] are related by Snells law:

Ny = Sin 62 6.4.

Sin G]

Where rg = reflectance at normal incidence.

And if one medium is air with a refractive index of unity.

n-1 2 5
fo = n+ 1 6.




This is the situation with one interface, in practical applications
the light passing through a screen is subject to two such inter-
faces. The resulting attenuation of the radiation is the sum of
fwo components, the first being the result of multiple reflections

and the second being the result of absorption of the radiation by

the material of the screen.

The reflective loss results in a transmittance which is the quot-

ient of the radiation passing through the screen, divided by the

initial radiation,

1 - ro N 1 =-r 6.7
= 1 P :
or Th 2 1+r 1+r
S &
Where T = Transmittance for radiation only.

Thus, knowing the reflectance of a material at normal incidence,

it is possible to calculate the refractive index of the material, as

follows:
1 ~ro 6.8.
o =1 - T,.=1-]1+r0
2
(h=-1) 6.9.
and ro = (n+1)

From which "n" can be deduced.

The absorption of radiation through a partially transparent medium
is described by Bouguers law which assumes that the loss in intensity
of absorbed radiation is proportional to the intensity of the radia=

tion and the distance travelled, or:

d1 = IKdx 6.10.
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Where dl is the radiation absorbed,
is the local radiation intensity,
is a constant for the material and
radiation wavelength in question and is
termed the extinction coefficient,
dx is the length of the light path through
the medium.

From this, the fronsmittance due to absorption is given by:

To = e KL/Cos O 6.1

Where Ta = Tronsmittance due to absorption.
L = the medium thickness

The total transmittance is then given by:
T2 Trx Ta 6.12
Where Tt = the total transmittance.

Thus, knowing  the total tronsmittance, and the reflectance of a
material at normal incidence 7t is pessible to find the refractive in-
dex and the extinction ccefficient and thus determine the total

transmittance of the same material at other angles of incidence.

It should be noted that the absorption assumption above does not

apply to thin films of polythene and polypropylene which absorb

radiation predominantly in discrete absorption bands which are rapidly

saturated. However the analysis assuming Bouguers law results in @

conservative estimate, and so has been retained.
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The above analysis has been applied to a series of experimental
data supplied by Stay (1982), and the results are given in Table 6.1.
The analysis for the Howson reflective film was conducted by assum-
ing that the indium oxide layer lay upon the known melinex sheet,
with the 103 layer having a refractive index of 2.1 as reported by
Howson ( 1979) . The reported total normal transmittance was then

employed to give an effective extinction coefficient/thickness quot-

ient of 0.01635 for the »103 layer.

The above analysis was programmed in BASIC as shown in Appendix

4.3.

Figure 6.4. shows the values of transmittance for the reference
module design for all incidence angles. The figure also shows a
nomalised cosine curve. The area of the transmission curve up to
the module shadow angle cut off is 95% of that of the cosine curve.
This similarity of curves, is made use of in establishing the trans-

mittance of the module to diffuse light in Appendix 3.



6.3.

The Solar Resource and Waather

The themal performance of the wall module as o building element

is dependent upon the energy which it absorbs and the way in which

that energy is then dissipated into the building, and the atmosphere

It follows that the variation in solar availability, external air tempera-

ture, and internal or room temperature will determine the quantity of
energy which the module can contribute, and the temperatures at
which the module will be effective. OF these, the room tempera-
ture is affected by factors which have not as yet been considered,

but have been discussed by Lebans (1980) and Fisk (1981) and include:
a) The thermal mass of the building.
b) The rate of air infiltration.

c) The level of incidental energy gains.

d) The rate of heat loss from the building by conduction

through the floor, ceiling, walls and windows.
e) Direct solar gains through windows.
f)  Variation in heating/cooling control.

These factors result in a complex analysis dependent upon the de-
sign of the building itself. Analyses have been conducted by
Gordon & Zarmi (1981) Richardson & Berman (1981) which accom-
modate such factors, and Page (1979) has done considerable work

in this area. The problem is that in the absence of a standard de-

sign of building it is difficult to analyse the benefit which might
be expected from the module. Ideally, the performance of the

module should be compared with a wall of conventional construc-

tion to assess its worth.



The author deci

U ecided to remove the room femperature as a variable,
by assumingit to be a constant temperature of 293K or 20°C. This
is an arbitrary figure, and it may be that the figure of 16.5°C as
recommended by the DoE (1) is more realistic. However the losses

0 20°C wi . .

assuming 20 C will result in a slightly conservative figure for the
contribution of the module. Similarly, the assumption that the
room temperature remains constant will result in a conservative
assessment of potential contribution if the actual use of heating

allows an evening reduction in temperature.

In practice, the constant temperature approach implies either a
massive building, or the removal and addition of heat from and to

the building to maintain a constant temperature, or a combination

of both.

This leaves the variability of solar input, and the variability of
external air temperature to be considered as inputs to the perform-
ance of the module. The following section discusses the solar in-

put conditions of the module.

The solar energy available to the module is subject to consider-
able variability. Duffie and Beckman (1980) provide a compre-

hensive guide to the origin of the variations which can be sum-

marised as follows:

a) Variation due to the earth's orbital eccentricity about

the sun.
b) The latitude of the sife.
c) The diurnal variation of night to day.

d) The orientation and slope of the collecting surface.



e) The transmittance of the atmosphere to solar radiation

f)  The amount of cloud in the area.

The factors e) and f) above can be considered as the effect of the

climate of the site in question.

A further difficulty in the assessment of available solar energy is
the fact that the energy is available in two distinct forms. The
first is the direct, or beam radiation which originates from the
solar globe and is highly directional in nature, the second is
diffuse energy which originates from the earth sky vault. The
distribution of this energy about the sky vault varies with the
type of day from a bright clear sky, to an overcast sky. These
factors will be discussed under the appropriate section of this

chapter.

For the purposes of assessing the performance of the module there

are several requirements.

1) To establish the maximum temperature excursions of the

module under direct sunlight conditions.

2) Todetermine the level of heat loss from the building

through the module under poor sunlight conditions.

3) To establish the level of energy contribution to a build-

ing under average conditions.

The assessment of each of these conditions of solar input will be

considered in the following sections of this chapter.

For the purposes of analysis, the site chosen is of some importance.

For the purely practical reason of time limitation the analysis must

be limited to one site. The UKsite with most data available is Kew,

based upon Kew data would provide results which

but an analysis

would be optimistic for more northerly latitudes. As a compromise,




Sheffield was chosen, as this provides a more northerly site, and
Professor J. Page of the Department of Building Science of
Sheffield University has conducted analysis of solar radiation

levels which can be used for comparison.

6.3.1. Analysis of Bright Sunny Days.

a. Direct Sunshine
The first, and simplest part of this analysis is determining the rela-
tive position of the sun with respect to the surface under considera-

tion.

Benford and Bock (1939) as reported by Duffie & Beckman (1980)
have established that the angle of incidence of solar direct beam

radiation upon a surface is given by.

Cs® = SinS Sin® Cosp - Sin§ Cosd Sin3 Cos ¥
+ Cos& Cosd Cosﬁ Cos @
+Cos& Sin® SinF’ Cos ¥ Cosd
+ Cos& Sinf SinY Sin @ 6.14

Where ¢ = Latitude

& = Solar declination, i.e. the displacement of

the sun from a normal to the earths axis.

» = Theslope of the surface from the horizontal;

o) ]
90° for a vertical surface.

Y — The asimuth angle of the surface, with zero

as due south.

(D = The hour angle, i.e. the angle by which the

sun is displaced from being at its highest point
relative to the location. At 15° per hour
morning negative afternoon +.

The solar declination is determined as indicated by Dogniaux (1973).




= 0.332814 (-22.984x Cos (71/183xJ)+ 3.7872 SIN(T/183x )
- .03499 Cos (2T /183, J) + -03205 Sin (2 T/183 x )

- 1398 Cos (37 /1g3y J) + .07187 Sin (371 /183 ¢ J)  6.15

Where J is the day number from January 1st.

To establish the hour angle, it is necessary to take account of the variation
in solar day length from that of 24 hours. This variation is provided by

Dogniaux (1973) who gives the following for the equation of time (ET) hours.

1

ET = 25 | 0.00037+ (.43177 Cos (T3 /183xJ) - 7.3764 SIN(T5/183%J)

23.165 Cas (2T7/183xJ) - 9.3893(SIN? ™ /183¢J)

4 .07272 Cos (O T /183%) - 24498(SIN° TV /183x)
6.16

From which the local time is determined by:

Local time = GMT + ET + JTS— x A longitude 6.17

Where A longitude is the difference in longitude of the site from the

Greenwich meridian, west + ve, east - ve.

The solar altitude "h" is given by
Sinh=Sin@ Sing + Cosw +Siné SIN G 6.18

and the solar zenith angle or the angle of the sun from directly over=

head by

Cos Z = Sinh 6.19
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From the forgoing, the sunrise and sunset from solar noon can be deter-

mined by:

1 -1
S5 =t /]5>< Ces (-tan @ tan & ) hours 6.20

It is thus possible to determine the direction of the sun for any time of

day, and day of the year with respect to the surface in question.

In the absence of any atmosphere, the energy falling upon a surface can
be determined from the solar constant, this being the intensity of solar
radiation upon the earth. However, this value also varies and is des-

cribed by Dogniaux (1973) in Wc:’r’rs./m2 as
¢ = 1353+ (45.326 Cos (77/1g3J) + 1.8037 Sin (7V/1g3J)
+ 88018 Cos (X1 /183%)+ 09746 Sin (°7/1837)

- 0.00461 Cos O /18300 18412 5in OT /1837 6.21

Note the mean value of the solar constant indicated above as 1353 Watts/
m2 has been assessed as somewhat higher than this in recent years after
measurement by space probes as indicated by Hickey et al (1982). For
the purposes of this assessment the Author has decided to retain the older
value as this is the basis for subsequent correlations which have not as yet

been revised in the light of the new data.

Having established the energy which would be available on the surface

outside the earths atmosphere, it is necessary to consider the effect of the

atmosphere ifself. The attenuation of sunlight by the atmashphere is des-

cribed in several works, but Kondratiev (1969) and Henderson (1970) cover

the various absorption and scattering effects in detail .
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The effect of the atmosphere is to reduce the direct component of

the suns radiation, but to introduce a diffuse component due to light
which is scattered back to the earth. This analysis continues by

considering the effect upon the direct component followed by con-

sideration of the diffuse effect.

Unsworth (1975) has established that the direct beam irradiance at the

earths surface is effected by the following atmaspheric factors.

a) The total water vapour and ozone content of the

atmosphere

b) The length of the path of sunlight through the

atmosphere
c) The level of aerosol droplets in the atmosphere

The water vapour content of the atmasphere is expressed in terms of

the precipitable water depth, i.e. the depth of the water in a vertical
column of the atmosphere if it were in liquid form. Unsworth (1975)
reports this to be in the region of 5-33 mm for the U.K., with minimum

values occuring with the low air temperatures of winter.

Rogers et al (1981) have analysed Metereological Office data for

the United Kingdom, and fitted this to a Fourier series as follows:
W= 10.44+ (-6.468 Cos (TT/]83J) - 3.492 Sin (TT/-|83J)
270, o J)+ 2.049 Sin (4T 11g3J)

+1.056 Cos (“T' /183 )+ 2. in /183

- 128 Cos (3T /1g3)) + 579 SIN (°TF /183)))
6.22

This expression provides the mean precipitable water content in milli-

metres for bright sky conditions in the United Kingdom.



The solar path length, also known as the effective air mass is given
N .y i

by m STV however this gives pessimistic values if employed for

solar altitudes of less than 10°%; and Rogers et al have fitted

a Fourier series to the Smithsonian Meteorological Tables (1951) to

give

M= exp (3.67985 - 244465 Sinh + 134.017 Sin2h - 742.81 Sin°h

+ 2263.36 SIN*h - 3804.89 SINh + 266105 Sin®h) 6.23

The values for "M"  must be corrected to take into account the
altitude of the site, and Rogers et al have established a correction

factor Cm as follows

_ alt alt
Cm = exp 1000 ( 0.1174 - .0017x m) o o

\ /
Where Alt is the altitude of the site above sea level in metres.

The level of aerosols in the atmosphere, or the atmosphere turbidity

is a local effect dependent upon pollution, and is defined by the
atmospheric turbidity coefficient as indicated by Unsworth (1975). This
coefficient is used to give a correction factor to the value of solar
beam radiation arrived at by consideration of precipitable water and

air mass conditions alone. This factor is given by
Tf = exp (—Tam ) 6.25

Where Ta is the atmospheric turbidity coefficient.



Rogers et al (1981) have combined these factors into a Fourier expan-

sion of the form

Solar beam normal radiation

3 2 AN
= Texcx Texp Z Z bij WJ> m! W/m2
i—o o

6.26
Where the constant bij are given by the following table

0 -12.9645 -6.4211 -.46883 0.0844097
1 .41282¢ -0.801046| 220414 .0191442
2 -1.1209% 1.53069 |-.429818 .0374176

and [ is the extraterrestrial solar direct beam intensity.

The turbidity coefficient Ta is a variable dependent an location,
Souster (1977) has investigated the range of this coefficient and recom-
mends the following monthly values for days which exhibit the highest

5% of daily total solar irradiation at Kew.

Ta
January .3
February 35
March .30
April 4
May .34
June .25
July .33
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Augusf ‘ .36

September .34
October .31
November .25
December 7

Souster also recommends the following for alternate sites.

a) Remote inland rural sites - Kew data - 0.07

in England and Wales.

b) Rural sites in England - Kew data - 0.03
and Wales.

c) Quter suburban sites. - Kew dota

d) Inner s uburb sites. - Kew data+ .05

e) Inner city sites. - Kew data +0.1.

From the foregoing, we are in a position to estimate the beam component

of sunlight incident upon any surface from the relationship:
incident energy = normal beam energy x Cos C 6.27
in the case of a horizontal surface this becomes:

energy incident upon horizontal surface

6.28

= normal bean energy x Sinh

The various Fourier expansions referred to above would be very diffi-

cult to manipulate manually, but present no problems for digital

computation.
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b. Diffuse Radiation

The diffuse radiation of a clear sky is a complex phenomenon
whereby a general diffuse level is augmented by a rise in the

proximity of the solar disk, as explained by Duffie & Beckman
(1980).

Souster, Rogers and Page (1978) have investigated this, and sug-
gest that an approximation to the actual distribution can be made
by considering the distinct distributiavs, one isotropic distribution,
and a component deriving from the sun. Thiersuggested analysis is

as follows:

General background isotropic diffuse irradiation on a horizental

surface.

= cbo - b] x beam irradiation on a horizontal

surface.
Circumsolar diffuse irradiation normal to the beam radiation

= c Co - C] x beam irradiation upon a horizontal
surface. 6.29

Where c¢ is the solar constant

Where the regression constants by, b1, Co and Cy are given by:

7 .
e fee i
bj =Z bji (Sinh ) 6.30
i=o
7
. i
¢ L <fi (in 1) 6.3
i=o

and the coefficient bji and cji are determined from the following

table.



i boi byi coi c]“i
0 2 .272 1 L4524
B 331.965 371162 | 536.917| 1.54901
2 -658.223 | -9.33202| -802.612|-12.2948
3 4356.27 | 45.8221 | 3836.53 | 36.6472
4 -15563.0 | -108.407 | -12557.0 |-60.8440
5 26253.8 | 137.668 | 20257.8 | 59.7328
6 -20505.8 | -89.6616 |-15276.3 |-32.3132
7 6037 .43 23.4606 | 4358.42 | 7.3817

For vertical surfaces. The energy falling on a vertical surface
which results from the general background isotropic irradiation is
half that value expected on a horizontal surface. This relation-
ship is explained in Appendix 3. With the circumsolar component,

the diffuse value is given by the product:

G.n = Circumsolar normal diffuse value x Cos © 6.32
Souster et al found that a further correction was required for sur-
faces which presented an obtuse angle to the sun.
This correction is given as
AG=O.ZGcn(]—C050<)S;n2(X -45)x25inhCosh 6.33
For 135%%Y S 450r-45°% & > - 135° 6.34
Otherwise G=0
The information of this section was programed using BASIC, and a
listing of the program with annotation is indicated in Appendix 4.4.



A comparison of the output of the program written by the author
and that developed by Page and his associates at Sheffield Unjv-
ersity is given in Figure 6.5. The comparison indicates that the

program gives very similar results to the Sheffield program Sun 3.
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6.3.2. Overcast Sky Conditions.

The overcast sky results in diffuse light only, and the distribution of
this over the sky vault is not isotropic, but reaches a maximum
directly above the observer. It is passible to relate the energy falling
upon a vertical surface from such a sky distribution to that falling

upon a horizontal surface. This relationship is explained in Appendix 3.

Thus if it is possible to establish the energy expected to fall upon
a horizontal surface from an overcast sky, it is also possible to re-

late this to the wall module.

Rogers et al (1979) in their research at Sheffield University have
found that the solar radiation falling upon a horizontal surface in

the United Kingdom can ke related to the solar altitude as follows:
. 2
Gy = 2+K Sin(h) W/m 6.35

The analysis of Rogers indicates that the variation of the factor 'K’
over the year, and from place to place in the United Kingdom is less
than might be expected, and this appears to be due to the seasonal
and latitudinal compensation offered by the Sin( h )term. For Kew
Rogers offers the following seasonal values for K, for average over-

cast days i.e. days upon which no beam component of rediation was

observed.
Spring, Summer, Autumn, Winter
230 170 260 218

Thus the solar radiation absorbed by the module absorber is given by

Gabs = Cor x Tn x Gh 6.36



Where Cor

t

The vertical ~horizontal correction factor

taking into account the self shading of
the module as described in Appendix 3.
Tn = The normal transmission coefficient of the

module glazing system as indicated in

Appendix 3.

These factors and the corresponding factors relating to the 10% worst

overcast days were incorporated into Appendix 4.4. as subroutines
AVCST and AVCST 10.



6.3.3. Air Temperature

As discussed in Sectian 6.3.the air temperature determines the rate
of heat loss from the .aodule, and hence the potential solar contri-
bution. Each area of the country has an associated average tempera-
ture for a particular time of year, and such values can be found in
Meteorological Office memorandum. However this information is
very general, ond ideally we would wish to know how the local air
tempe rature varies with the type of radiation day, i.e. whether
bright clear sky or overcast, and how the air temperature may be

expected to vary over the day.

The CIBS Guide No A2 (1982) offers some information by provid-
ing banded temperature data, and associated solar data. The guide
also offers a means of computing diurnal variations based upon a
trigonometrical function. However, this data results in a tedious
manual calculation, and ideally computer generated information
would be preferable if this could be run as a subroutine of the solar

data program referred to in the earlier sections of this program.

Fortunately,Page et al (1978) have produced an analysis of Meteoro-
logical Office data which suits this need admirably. Page has re-
duced the data to a series of Fourier expansions which describe the
temperature in terms of the day type, latitude, air temperature mean
monthly daily sunshine hours, the wind speed, and month number.
Page also introduces a  further month dependent relationship. In the

following description the symbols used are;

lat = latitude

long = longitude

t =  monthly mean air temperature °C

n = monthly mean daily hours of sunshine
u =  monthly mean wind speed .m/s

N -~ month number, 1 - 12 from January

~ /7



PN = 4.62-2.3(MN) + -0.43(MNY2 - 0267(MN)3  6.37

MN = 1-6 for January to June and 6-1 for July to
December.
alt = Altitude, metres above sea level.

The relationships established by Page are in Fourier form as follows.

b= ar + ay Cos W (T- ﬁ,))-% a5 Cos (2W (T- @Z)) °c

6.38

Where af is the fundamental term

a) is the first harmonic

ap is the second harmonic

W= T2

T = Local apparent time

@, = First harmonic phase lag

P> = Second harmonic phase lag
For bright sunny days, the above factors are given by
af = For Jan.Feb. Mar. Apr;-3.63 + 2.01\;--'056;2-'165 long

= For May, June, July, Aug; 6.14 +-36t + .025\:2 --347v
= For Sep. Oct. Nov. Dec ;-3.73 + 1.67t ~-023’F:2 --165 long
6.39
o1 = For Jan. Feb. Mar. Apri ; -0.49 + 4.32 "u  + .003 alt
= For May, June, July, Aug; 1+n(1.61-.28u+ .O42(|ong—50))
= For Sept. Oct. Nov. Dec; (2.79 + -0060H)”/u
6.40

ap = For Jan. Feb. Mar. Apr; - (.22+(.455-.074 x ay)al)

= For May, June, July, Aug; =(4.09 +0.0013 alt -1 3NHIND)
= For Sept. Oct. Nov. Dec. ; -(.38+(.404-.050a1)a)
| 6.41
D, = 13 + .7q§ (FN)
¢2= 0.5 ¢;

O - wind speed m/s



For Average Days
ap =t %C 6.42

a = For Jan, Feb, Mar, Apr; 2.73 n/y
For May, June, July, Aug; 14 n (0.85-0.125U)
For Sep. Oct. Nov. Dec; 2.73 ”/u - 0.488 ("/, )2

6.43
a, = ForJan. Feb. Mar. Apr; - (L1+(.4 -1 a)) a1)
For May, Jun. July, Aug; 0

For Sep. Oct. Nov. Dec; -(.1+ (.43- .082 a1)a1)

6.44
@) = 13.0+cy FN) 5 45
O, = 0.5 @, 6.46
For Overcast Days
af = For Dec. Jan. Feb. Mar. Apr. May
If £>2,.68t+ 15+ .2long+ N/15

otherwise 2.86+ .2 long+ N/15 6.47

For June, July, Aug. Sept. Oct. Nov.
0.85t + .9+ N/10 6.48

0.5+ .16n - .1 (.9 1.4 SIN TN/ )(U-3.71

C;-I =

.0013 alt
@y = 0 6.49
b, = 15.6-1 (U4 - (N-1) hours 5.50

Given that the necessary input information is available, the above

expressions allow the development of a simple computer program to

establish the probable temperature profile of a day for each month of

the year for each of the three day-types mentioned.



The inclusion of the monthly mean wind speed in the above presents
something of a problem due to the variability of this value with
local effects. For this reason, an annual wind speed of 6ms ™!
derived from the CIBS guide number A2 as being that wh ch will be
exceeded for 25% df the time in most of central England. This baesic

figure is then subjected to the following factors.

U = 6xKxZ® 6.5

Where Z = height above ground, assumed to be 10m.

K and a are given as follows dependent upon the type of

Terrain.

TERRAIN K a
Open flat country .68 A7
Country with wind
breaks 1 .52 .20

| URBAN .35 .25
CITY .21 .33

These terrain features can be conveniently aligned with those

described for the turbidity coefficient given in Section 6.3. 1.

The above information is incorporated into Appendix 4.4,

as a subroutine.
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6.3.4. Average Solar Conditions.

a)  Work of other authors.

The previous sections concerning bright clear days, and cloudy
days represent the two extremes of day type. In reality, the

monthly distribution of day types will include some clear days,
some overcast, and a proportion of partially cloudy days. The

manner in which to establish an average condition is not clear.

Liv and Jordan (1960) originally observed the importance of what
they then described as a cloudiness index, and which has latterly
been termed a clearness index, as the ratio of the average daily

insolation upon a horizontal surface to that of the extraterrestrial

irradiation at the same place, i.e.

Ky = H/Ho 6.52
Where IZT = clearness index,
H = insolation upon the surface
Ho = extraterrestrial radiation

In the above, a bar above the character indicates monthly mean
values, daily values are represented without a bar, and hourly

values employ lower case characters.

The values of 'H' are necessarily recorded data, and the values

of _Ho are calculated.

Liu and Jordan found that the cumulative distribution of days with
a fraction less than KT showed considerable similarity for locations
with the same value of monthly clearness index KT’ and the hourly
distribution Ko, had been found to be very similar to the daily
values, Ky, by Whillier {1953). A synopsis of this data can be
found in Duffie & Beckman (1980).



These observations have led to various further correlations, Orgill
and Hollands (1977) have established correlations based upon
Canadian data, relating the ratio of diffuse to global irradiation
to the clearness index; Bugler (1977) has in a similar manner re -
lated the ratio of global irradiation to diffuse irradiation with

the ratio of global irradiation to that for a clear sky. This latter
is itself related to the extraterrestrial radiation, and so the x’
ordinate of Buglers correlation has an affinity with Ky. Asimilar
type of correlation has been developed by Stauter and Klien (1979)
for North American locations. Unfortunately the various data from
these and other authors do not correlate well, and similar correlat-
ions for monthly mean values show considerable variation between

authors as shown by Duffie and Beckman (1980).

Hollands and Huget (1983) present a useful discussion of this method
of analysis, including the work of Bendt et al (1981). Hollands also
presents refined estimates of the probability density function of the
Lui and Jordan plots, and it may well be that this approach will be
of value in the future when proven. However further investigation

of the hourly diffuse values is required.

Page (1978) develops an analysis based upon regression equations

of the type
H = Ho (a+b9—— ) 4 .53
No
Where n = nunb er of hours bright sunshine
ng = number of hours daylight
aand b = are constants dependent upon climate

Page further develops this to establish the relationship between

diffuse and global horizontal values as follows:
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Ho 6.54
Where Hd = diffuse fraction of radiation
Ho = extraterrestrial radiation
candd =

constants, dependent upon climate

The problem with this approach is the lack of information concern-
ing the required climatic constants, Page refines his equations furth-
er by adopting a means of assessing the ideal number of bright sun-
shine hours by assuming a standard clear atmosphere and calculating
the maximum possible hours of bright sunlight which would then
burn the recording card of a sunshine recorder. This results in an
effective sunshine day length which Page employs to calculate the
resulting modified sunshine fraction. This value is then employed
to calculate "pseudo turbidity" values, which in turn are employed

to calculate values of total direct irradiation.

This process is cumbersome and requires considerable computer time,
and the use of correction factors which are not yet available. Page

goes further to assume that the proportion of time represented by

(1 - effective sunshine fraction) is comprised totally of overcast con-
ditions. This results in the assumption that all days are either totally
overcast, or bright and clear. This cannot be correct as many days

are in fact partially cloudy.

b) Present Approach, Average Solar Conditions.

Having considered the approaches made by other authors, the author

did not feel justified in adopting any of the methods presently availa-

ble for the estimation of average conditions, and decided to resort to

first principles in an attempt to develop a method for this analysis.
If consideration is restricted to the United Kingdom, there is a source

of data which provides the basis for any solar energy considerations;



that is, the Meteorological Office (1980) data for daily global
solar radiation. This data is published in chart form, and an
example is given in Figure 6.6. and gives average insolation

month by month. Thus the value for any location in the U.K

can be determined.

Similarly, the average number of bright sunshine hours is known
for the United Kingdom and available in chart form in Meteoro-
logical Office publication (1974). As pointed out by Page (1979)
these values are slightly conservative as they do not accommodate
that period of bright sunshine falling below the threshold value of

a sunshine recorder, or 200 wc1’r’rs/m2 approximately.

The radiation intensity for sunny conditions can be readily deter-
mined as discussed previously, and in any given month, the pro-
protion of bright sunny days or periods can be established from
Meteorological Office data. This allows an approximation of
the mean monthly contribution from bright sky conditions to be

made.

The solar radiation on overcast days can also be established fairly
easily, but the proportion of overcast days is less easy to define.
Barratt (1976) presents frequency distributions for a series of loca-
tions in the United Kingdom which suggest that the variation in
cloudiness over large areas of the country may be very similar. This
is confirmed by scanning the Meteorological data for total cloud
cover given in Meteorological Office (1980). This data is shown

in Figure 6.7. plotted for five locations in the north of England,

and Kew.

The figure indicates that the mean proportion of overcast days per

month is relatively constant over the country. The data does indi-

cate a clearer coastal situation, but this has not been isolated. The

mean value of the shaded area shown in Figure 6.7. has been adop-

ted as a typical figure for the proportion of overcast days per month

in this investigation.



With proportions established for the number of clear days, and
overcast days, it follows that the proportion remaining must be
that appropriate to partially cloudy days. In fact this is not
the case, and some of the clear day proportion will infact be

due to a partial cloud contribution, however there is no simple

way in which to account for this.

The nature of the sky vault diffuse radiation distribution is not
clear, some work has been conducted in this area, and is sum-

marised by Page (1977), the following conclusions can be drawn.

1) The presence of broken cloud increases the sky vault
radiation generally, and the diffuse radiation from
such a sky is greater than that associated with over

cast or clear sky conditions.

2) The intensity of sunlight increases towards the suns

position in the sky.

The actual intensity of radiation is still in some doubt, and is
assumed to be dependent upon cloud type. Louden (1965) indi-
cates that the energy falling upon vertical surfaces under a
partially cloudy sky is relatively insensitive to the amount of
cloud, and further suggests that this energy can be considered
as some multiple of that diffuse radiation which would have
been available under bright sky conditions. Page (1977) sug-
gests that this multiplication factor is 3. The author decided
to check this from Meteorological Office data and the compu-

ted values of solar radiation as follows:

CL = {H- - PB'H-B’ PocX Iqoc} F!BD (1-Pg - Poc) 6.55



Where C

Hep

multiplying factor of diffuse irrod‘icﬁon

on clear days to give the partially cloudy

value .

Global irradiation on a horizontal surface

from Meteorological data.

Daily average total calculated global

irradiation on a horizontal surface.

Daily average calculated global irradia-

tion for an overcast sky.
Proportion of clear days.
Proportion of overcast day.

The daily average diffuse irradiation for

a clear day.

This multiplying factor, C, was computed for each month, and

the results are indicated in Table 6.1. The values vary month by

month from a minimum of 1.6 to a maximum of 2.8, and there appears

to be a distinct demarcation between winter with its lower values,

and spring/summer with higher values.

These multiplying factors were employed to calculate the correspond-

ing thermal behaviour of the medule for partially cloudy days. This

was done by applying CL to the diffuse component of radiation cal-

culated as described in Chapter 6.3.1.



The analysis used by the author to establish average insolation conditions
is admittedly less sophisticated than that employed by Page, or that based

upon a probability function for the clearness index advocated by the
other authors mentioned previasly. However, the approach adopted
does have the advantage of being based upon the measured average data
for the United Kingdom, and ensures that the measured mean monthly
energy falling upon a horizontal surface is not exceeded by the analysis,
The relationship of the horizontal value, to that appropriate to a vertical
surface is the same as that adopted by Page for bright sky and overcast
sky conditions. The assumed multiplying factor for partially cloudy skies
may or may not be valid, the author merely invokes it as a device to
account for the remaining energy falling upon a horizontal surface after

the known beam radiation and diffuse irradiation from overcast skies

have been accounted for.

It should be noted that the EEC have established a program for developing
a model to predict the inclined surface radiation for the EEC area, as
described by Page (1981). This work is now completed, but not yet pub-

lished, and its recommendations will be of considerable value in con-

firming the author's approach, or otherwise.

The results of the computations described, are discussed in the next chap-

ter.
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7.

7.1,

Results of Computer Modelling.

Seasonal Variation in Performance.

a)

Bright Sunny Conditions.

When the computations described in the previous chapter
are performed for the fifteenth day of each month, for
various orientations of wall, the results can be summarised
as shown in Figure 7.1, This figure shows a distinct drop
of performance in the summer months for a south facing
wall in bright sunlight. Page (1977) indicates a flatten-
ing of the summer south facing curve, but no reduction
from the Spring and Autumn values for a vertical surface.
The reason for the accentuated fall in the case of the
module is due to the increased specular reflectance of
the glazing at high solar elevations, and the self shading
of the module as indicated in Appendix 4. This same
reduction does not occur in west and east orientations
due to the absorbed radiation in the moming or afternoon
being the result of varying angles of incidence upon the

module .

This effect of a self compensating summer reduction in

performance may be of value in reducing summer excesses.

As can be seen, the maximum average bright sky thermal
contribution which the module could be :axpecfed to

deliver is slightly in excess of 1 l<wh/mZ per day. This occurr-
ing in the Spring and Autumn for a south facing wall and

‘n mid summer in the case of East and West facing walls,

for bright sunny days. It is also apparent that the module

is capable of providing a contribution throughout the year

on bright sunny days when facing south. East and West

orientations result in a net sunny day loss from mid Nov-

e nber to the end of January, whilst North facing orienta-



tions produce a net loss from the end of October to the
middle of March.

b) Overcast Days.

By the nature of the model explained in Chapter 6, the
thermal contribution of the module is independent of
orientation in overcast corditions as the maximum mid
summer contribution on such days is found to be approxi-
mately 300 Wh/m2 day, although the maximum winter loss
is reduced slightly in comparison to a north facing wa ll

in bright sky conditions. This is due to the greater air

temperature experienced with ample cloud cover.

c) Average Conditions.
Where the average condition performance is computed as
indicated in Chapter 6, the results can be summarised as
indicated in Figure 7.2. and shown in Table 7.1. The
figure shows a general reduction in performance as comp-
ared to bright sky conditions, but, conversely, an in-
crease in performance compared to overcast sky conditions.
The flattening of the south facing curve is less pronounced
than in the case of bright sky conditions, but it is signifi-

cant that a southerly orientation still retains a net contrib-

ution over the year. The module with an east or west
orientation retains its general form as for bright sunny days
but with a drop in maximum performance to less than 1 Kwh/m
day in mid summer. Northerly aspects show an increase in
contribution compared to bright clear conditions due to the

‘- creased diffuse radiation from sunlight reflected from

broken clouds.

For purposes of comparison, the equivalent performance of a

standard wall with the same ! value of the unilluminated

module was calculated and is indicated in Figure 7.3. and




7.2.

Table 7.2, The comparison of contribution available is
quite clearly shown. This shows distinct advantages in
total energy available, and in the reduction of heating
season effectively to zero for a south wall and three to
four months for other orientations. The standard wall
indicated approximately eight months of net heat lcss

for all orientations and a negligible capability for contri-

bution.,

Summer Excesses, and Control

The forgoing sections indicate the potential of the wall module in

comparison to a wall of conventional construction. The extra ener-

gy available is only of value if it can be used, and it is not normally

required for space heating purposes during the summer months. This

naturally indicates a need for some sort of control of the excess ener-

gy, which may take one or more of the following.

)

4)

6)

These methods may all be applied in various
first four methods namely ventilation,
and heat storage involve factor

scope of this project, and which depend upon

The controlled ventilation of the building.
The shading of the building to avoid summer insolation.

The utilisation of the excess energy via a heat pump for
hot water services and/or process heating or similar applica-

tion.
The storing of excess energy for interseasonal heating pur-
poses.

The utilisation of some form of control system within the

module to limit the absorption of solar radiation.

The utilisation of some form of control system to increase

the out loss coefficient of the module.

ways, however the
shading heat upgrading

< which are beyond the present

the conditions of



a particular building. For example the ventilation of the building
is dependent upon height, prevailing wind, type of construction,
vent/wall ratics and usage. The use of complementary shading,
possibly by seasonal foliage as described by Lebans (1980) or the
use of architectural features is dependent upon the location of

the building, and local topographical features. Seasonal storage
is a complex subject, and although the possibility of rockstorage
or latent heat storage as described by J.K.R, Page (1981(2)) can-
not be ruled out, there are many inter relationships between the
size and type of building and the requirement of the storage system.
Similarly, the viability of upgrading the excess energy using a
heat pump, is dependent upon the excess energy available, the
required heat flow, and the cast of the heat pump itself. It
should be noted that in this latter case, the expenditure upon the
heat pump system must be justified by the savings in energy use as
the system must merely augment a conventional system. As indi-
cated in Chapter 2.5. the economics of a system which is depend-
ent only upon displaced fuel costs may be questionable, but there
is the possibility of also using the heat pump with heat exchangers
to the atmosphere or some other heat source for the purposes of

energy input in the absence of a solar contribution.

These variables require considerable analysis for each application
and the author is of the view that any attempt in this project to
establish the relative efficacy of application of such measures

would be presumptuous given the timescale involved.

Despite this difficulty in defining the best combination of measures

to accommodate summer excesses, the author considers that an effec-

tive control of module performance may well be necessary where

other measures are inapplicable for some reason, and also provide

a further degree of flexibility when other measures can be used.



Of the two methods of control of the module namely control of

the solar input, or control of the thermal resistance of the module,
the control of solar input is the more attractive for initial consid=
eration, This is because the potential control over solar input is
such as to reduce it to zero, whilst the control of the outloss coef-
ficient is much less capable of being adjusted. In other words, the
dominant effect which causes excessive summer heel gains is the

solar input, not the rate of heat loss from the module.

Control of the solar input can be visualised as being activated
either by some exfernal agency, or as an automatic response of
the module itself. The use of an external activation implies
either something associated with the structure of the building it-
self, or something within the module which is activated by some
mechanical penetration of the module shell, or some electrical
device within the module. Shurcliff (1980) presents a compre-
hensive survey of the role of shutters and shades, many of which
could be employed. The possible use of external shutters presents
some concern for safety in high winds, but the use of internal
shuttering or shading devices which are activated from the inferior

of the building warrants further attention.

Automatic self contained control of the module has obvious attract-
ions in terms of simplicity of installation and operation. There
appear fo be two potential ways in which such an actuation could

be brought about, namely by using the intensity of solar radiation,

or by using the temperature of the module; as a control actuator

these being the two operational variables. In these terms, the in-

tensity of solar radiation, passibly using @ photochromic effect may

well be worth further investigation, but it may well be that a photo-

chromic film would prevent absorption of energy, at the very time

when it was required, and that different orientations of wall would

require different photochromic materials. Such materials although

n common use for other purpcses, i,e. sunglasses, are still expen-

sive and nof yet commercially available in polymer film form.



The potential use of the module operating temperature as a con-
trol is readily visualised in the form of a simple lattice type blind
actuated by a wax pellet, or ninotol wire. This presents some
problems when visualising its use for extended periods of time,
and ideally, a thermochromic effect using a polymer film would

be preferable if such a material exists.

Chahroudi (1978) reported the development of a material known
as "Cloud Gel" by Sunteck Research Associates in California.
This material was claimed to provide an efficient thermochromic
effect in sheet form, and achieved this by changing from being
transparent to milk white over a temperature range of 3°C. The
solar transmittance in the transparent phase was reported as .95,
and 0.2 in the milky phase. This material would have cbvious
potential use in the module, and the author decided to analyse
its effect upon module performance. Attempts to confact the
nanufacturers of this material have been unsuccessful and the
author was fortunate in that the material was exhaustively exam-
ined in the "Energy Efficient Window Programme" of the United
States Government Department of Energy . The report of these
investigations given in Berkeley (1977) confirms the statements of
the manufacturers, and further reports that a 50,000 cycle test of
the material showed no degradation of properties. Interestingly,
the material was not recommended for use on the basis of its
optical qualities which were considered inappropriate for window
glazing purposes. This is nof @ constraint for potential applica-

tion in the solar wall module .

The author included a variable transmittance in the module per=

formance program given in Appendix 4.4. to examine the effect

of such a control screen on the problem of summer excess. The
precise nature of cloud gel is not known, and no analysis of its

thermal infra-red properties appears to be available; as a re-
sult, it is not possible to decide upon the best position for if in

the array of screens, ideally it should be close to the absorber,



but this would be inadvisable if the emittance is high, as indi-
cated by the comment in Chapter 5.8. To accommodate this the
author modelled the effect of the control screen by assuming that
it would be such as to operate over a 3°C variation of the outer
surface of the module storage slab. This temperature varies less
than that of the absorber and is thus approximated by the variation
of the screens. Time constraints prevent the investigation of the

effect of the control film in each pessible screen position.

The bright, overcast and average sky conditions were computed for
thermochromic screen activation temperatures of 2°C above room
temperature, room temperature and 2°C below room temperature .

The results of these calculations are given in Tables 7.3., 7.4,

and 7.5, and Figures 7.4, and 7.5. It is clear that the curves for
each sky condition retain their essential character, but are reduced
in amplitude as the thermochromic screen set point is reduced. This
indicates a considerable degree of flexibility in the amount of energy
which the module, and hence the building can be designed to achieve.
For example it may be to the designers advantage fo delete a thermo-
chromic screen for north facing walls, whilst incorporating a low set

point screen for east and west or south facing walls.

The results of these calculations can be employed to give. an approxi-
mate characteristic for the performance of the module in terms of
thermochromic screen set point and orientation. Figure 7.6. shows
the calculated average annual contribution in Kw hours for South,
East and North facing modules dependent upon the thermochromic

screen set point, and asymptotic to the values appropriate to the

module without a thermochromic screen, and a standard wall. This

figure may thus be utilised to provide an indication of module per-

formance in any mode of operation. In practice, the author believes

°
that a maximum screen set point of 2 C above room temperature would

be appropriate to reduce temperatfure excursions unless some steps



were taken to deliberately remove heat from the building, in this
case the maximum annual contribution of South, East and North

facing modules can be seen to be 100 Kwh, 70 Kwh and 40 Kwh/m2

respectively.



8.1.

Economic Considerations.

Potential Value of the Module.

The potential value of the wall module can be considered as com~-
prising two elements. The first of these elements is that of the
energy which the module will save over a period of time. As pre-
viously indicated in Chapter 2.5, this potential saving is dependent
upon the nature of the energy source which is assumed to be dis-
placed, whetherelectricity, gas, oil or other. Furthermore, the
assumed value will be dependent upon the orientation of the module,
and its level of operation. If for example it is desired to mainfin

a reasonable summer equilibrium by coerating with a low cut off
temperature, then the potential energy to be collected is much

reduced as the summer peak is not available.

The second element of value, is that associated with architectural
and other features which the modu le displaces. There are two such
features which are apparent; as indicated in Chapter 2.7. the module
displaces the wall which would otherwise be required, and the central

heating system which can be dispensed with.

As the potential fuel savings can be expected to be relatively small,
it follows that the savings due to displacement should be significant.
If these displacement savings alone can equate to the cost of the
module, then any energy savings can be considered as pure profit

from the use of the module, which will then demonstrate a neglig-

ible pay back pericd.

To establish a guide to these values, Spons Architects and Builders

Price Guide (1983) provides some interesting information as follows:

1) The cost per 2 of wall constructed of facing brick,
and light wei ght concrete blocks with 13mm of

plaster is approximately £40, including labour .



8.2.

2)

The cost of a central heating installation is estimated

as £27.7 per m2 of floor area.

Assuming a square office floor of 1000 m2 with 3 metre high
ceiling the total wall area is \[{1000) x 3 x 4 m2 or 380 m2
assuming that the wall is 50% glazed, this results in a@ module
wall area of 190 m2. This area of module displaces a central
heating cost of approximately £27.7 x 1000 which results in a
displaced saving by the module of £27,000 = £145 /m2

190

This figure will vary with the size and aspect ratio of the building

floor in question.

The combined displaced savings of the module appear to provide a
figure in the region of £180 per square metre of wall, and if the
module can be produced and irstalled for less than this figure it
can at least be considered as being cost effective in providing
future energy needs for the building. Against this must be set the
need to employ electricity as a heat source for central heating pur-

poses.

Module Production Costs.

The actual cost of producing the solar wall module is impossible to
quantify with precision. The cost will naturally be dependent to

some extent upon the detailed design of the product, which in turn
is dependent upon the results of further research and development.
It is possible to achieve an indication of the probable overall costs

by first establishing the cost of raw materials, and then estimating

labour costs and installation costs.

On that basis, the cost of materials can be summarised as follows,

foral m2 module .



Glass 5
Precast box 20 (Ivimy 1983)
4 aluminium frames 12 (Walker 1983)
Max orb 6
Terminals 1
Polythene 1
Howson screens 2
Cost of cloud gel 15
Cost of ancillaries 2
62

The cost of cloud gel is again difficult to quantify, the estimate

of £15 is based upon the 1977 estimate by Berkely Laboratories.

The cost of assembly of the module is more difficult to quantify,
but in the authors experience of assembling experimental equip-
ment, the propcsed module could be assembled on a production
basis in two man hours. If a cast of £10/man hour is assumed, to
cover overheads also, the assembly cost assuming simple hand

tools is approximately £20.

To this figure must be added an estimate of installation cost. This
again is very difficult to quantify but the module would be much
less time consuming to install than an equivalent double skin wall,
which is estimated by Spon (1983) to cost £20 in labour using this

same figure as a conservative estimate of installation cost, the

resultant sum total is:

Estimated installed cost of module

£102/m?

If an alternative of twice the materials cost is used, the estimated

module cost is then £124/m2. To this must be added the cost of

transport, which is largely dependent upon the relative locations



of the building site and production site, and would require evalua-

tion on that basis.

A further saving of the module relates to its reduced weight in

comparison fo the conventional double skin wall, and consequent
reduction in building strength requirements. The author proposes
to neglect this element of cost saving as a counterbalance to the

uncertainties in the above cesting estimates.

The costing indicated above is not exhaustive, and cannot be so
at the present stage of development of the medule. There is a
strong indication that the installed cost of the module may be no
greater than that of the conventional equivalent practise, and

may well be somewhat less.

If the cost of the module can be shown to be equal to or less than
that of the conventional equivalent then any energy gains pro-
duced by the module are truly free. In the authors view, there is
sufficient indication of this possibility to warrant further develop-
ment as indicated in Chapter 9 to result in a detailed design for

the module to allow a thorough costing exercise.



Further Work.,

The present project has demonstrated the thermodynamic feasibility
4

and economic potentialities of the proposed solar wall module. Much

work is still required before the module can be considered for wide-

spread use. Important aspects are as follows.

Market potential.

The potential market for the module and possible user
interest requires assessment. In the authors view, this
should be accomplished before any further development
is undertaken. With increased interest in passive design
of buildings, the module could prove to be an important

feature of construction.

Control membrane.

The control membrane discussed in Chapter 7.3. is of
prime importance if the module is to provide a flexible
application in varying orientations, building types and
required behaviour. Although the membrane has been
described and thoroughly tested, it has not been possible
to identify any manufacturer. The potential preduction
of this material, and its association with other materials

requires investigation. However it is not the only possible

method of control.

Infra red reflecting screens.

The material supplied by Dr. Howson, and described in

Chapter 3 is produced only in small quantities at the

present time. It is necessary for material of this type

to be readily available at an appropriate cost.

The nature of an effective system for supplying electrical

power to the "Maxorb'" absorber requires detailed considera~

tion.



The restriction of condensation within the module requires

consideration.

The life of the module requires to be assessed, especially
in respect of the degradation of the plastic materials employ-
ed in the screens. Although the mechanical requirements
of the screens are slight, the optical properties of cemponent -

materials over extended periods of time requires investigation.

The detailed design of the module as a building component
for various construction methods and the best modular sizing

system requires to be established.

It seems probable that if the preceding points can be satis-
factorily resolved, then a trial building will be required to
demonstrate the behaviour and installation of the module on
a practical basis, the funding and design of such a building

must be determined.




10.

Conclusions.

The economic viability of solar energy collection for direct

space and water heating in the United Kingdom is questionable
whenbased upon the present costs of conventional energy sources
where such sources are available. This is because the cost of
erecting a structure of sufficient surface area, allied with neces-
sary costs of installation storage and control, render too great an
initial cost for reasonable rates of energy return. In the authors
view , this is a major impediment to the future use of solar energy,

and hence the future sales of "Maxorb" in flat plate collectors.

It is pessible to design a system of construction which will allow
the passage of solar energy into a building, whilst providing a
satisfactory degree of thermal insulation to prevent heat loss from
the building. Such a construction requires the judicious use of
spectrally selective reflecting and transmitting surfaces in an
array of screens. The positioning and spacing of the screens is
critical in reducing radiative and convective heat loss through
the system. Such a construction allows the use of large flat sur-
face areas which are ideally suited to the application of "Maxorb™.
The system operates at or near ambient temperature, allowing high
thermal efficiencies and the use of relatively inexpensive thermo-

plastic screen materials.

The thermal characteristics of such a system can be determined by

experiment and successfully simulated by computer program.

The use of a wall construction of this type, naturally offsets the

excessively high summer heat gains due to reflection from its verti-

cal outer glazing at high solar altitudes. Further reductions can

be achieved by the incorporation into the screen array of a thermo-=

chromic screen which turns from translucent to opaque at a parficu=

n will allow a maximum

/m2 per

lar set temperature. Such a constructio

average energy contribution of approximotely 160 Kwh




annum for a south facing wall in the U.K
o Q,

varying to a net

loss, dependent upon the set point temperature of the thermo-
chromic screen, and the orientation. These conclusions are
based upon the work of other workers in the field, and solar

weather data published by the U.K. Meteorological Office

This type of construction therefore offers considerable thermal
flexibility to the architect. In addition, the change of aspect
of the module from dark to light as the thermochromic screen

operates may also offer aesthetic opportunities in design.

This method of construction allows two elements of cost to be
discounted in comparison to conventional construction. The

first is the cost of the otherwise necessary wall, and the second

is the cost of the otherwise necessary central heating system. This
latter can be replaced by the solar wall medule due to the presence
of the "Maxorb" absorber which, being of nickel foil, can be em-

ployed as a heating element in its own right.

On that basis, the cost of systems displaced by using the solar wall

module is approximately £180 per m2 for conventional commercial

buildings.

The cost of preducing and installing the solar wall module is esti-
mated at approximately £100 - £125 /m2 for a reasonable number
of units in the region of 100. Substantial savings upon this esti-

mate may be expected if high rates of production can be achieved.

It appears that the solar wall module can offer a cheaper method of

construction than conventional practice if used in a non load bear-

any energy gains are an immediate

ing situation. In that case,
the solar wall module does not suffer

economic gain, and as a result

from the disadvantageous economics of other solar energy collecting

systems which may employ "Maxorb”, i.e. flat plate collectors for

active domestic hot water systems.
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Hemispherical radiative properties of selective

absorbing surfaces of various types.

From Koltun (1981).
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Ilustration rem oved for copyright restriction:

Radiative Properties of spectrally

selective reflecting surfaces.

From Lampert (1981) .
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Figure 2.

European flat plate collector sales

(from Stammers (1982)).
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Figure 2.2.

2

Annual mean daily solar irradiation over the globe W/m

From U.K. ISES (1976).
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Figure 2.3 .

Cutaway section of the solar module
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Graph showing the ratio of hemiSphericol

emittance to normal emittance for various

values of noraol emittance for opaque materials

From Sparrow and Cess (1979)
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Figure 3.2.
Comparison of the spectrum of the sun and corresponding

black bedy. From U.K. ISES (1976).
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Figure 3.3.

Normalised spectral distribution of a black body at

various temperatures.

From Duffie and Beckmnan (1980)
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Figure 4.1.
Radiant energy exchange between two
infinite parallel plates.
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Figure 4.2.

Radiant energy exchange between two

infinite parallel partially transmitting

screens.
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enclosure with partially transparent

screens and opaque sides.
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Figure 4.9.

Diagram of nodal and volume

arrangement for finite difference

analysis.
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Figure 5.1.

Arrangement and dimensioning of experimental equipment.
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Figure 5.2.

Arrangement of "Maxorb" heater
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temperature difference for configuration;
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Figure 5.7.

Graphs of cell edge heat loss v reference

temperature difference for configuration;

poly, poly, poly, Howson, glass.
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Disposition of nodal points for finite

element analysis of heat loss from the

hot plate.
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Figure 5.10.

Plot of isotherms and heat flow squares

for two end boxes.

(To be read in conjunction with Figure 5.11.)
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Figure 5.11.

Plot of isotherms and heat squares

for two end boxes.

(See also Figure 5.10.)
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Figure 5.12.

Plot of isotherms and heat flow squares for screen carrier

with all glass screens.
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Figure 5.13

Plot of isotherms and heat flow squares for screen carrier

with four inner polythene screens and a glass outer screen.
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Figure 5.14

Plot of isotherms and heat flow squares for screen

carrier with three inner polythene screens, a

fourth "Howson" screen, and a glass outer screen.
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Figure 5.15

Plot of isotherms and heat flow squares for two inner

polythene screens, two reflective screens of aluminised

polyester, and a glass outer screen.
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Figure 5.16
Craph of the temperature difference from. the

hotplate to the outer screen versus the reference

temperature difference for all glass screens, showing

the similarity of experimental and calculated values.
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Figure 5.17

Graph of the temperature difference between hotplate and

outer screen versus the reference temperature difference for

four inner polythene screens and an outer glass screen, showing

the similarity between experi nent and calculation.
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Figure 5.18.

Graph of temperature difference from hot plate to outer screen

versus referance temperature difference for three inner polythene

screens, a fourth "Howsen' screen and an outer glass screen;

showing the similarity of caleylated and experimental resulis.
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Figure 5.19

Graph of temperature difference from hot plate

to outer screen versus the reference temperature

difference for two inner polythene screens, two

reflect screens and a glass outer screen, showing

the similarity of experimental and calculated values.
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Figure 6.4,
Graph of transmittance versus angle

of incidence for a screen array of two

inner polythene screens, two "Howson"

screens, and a glass outer screen.
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Proportion of overcast days/month

1.0

Figure 6.7.
Proportion of overcast days showing the range

of values for sites in the north of England and

Kew.
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Figure 7.1.

Plot of module energy balance for bright sky conditions with

various orientations of wall, and overcast sky conditions.
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Figure 7.2.

Plot of module daily energy balance

for average conditions, module without thermochromic

screen,
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Figure 7.3.

Plot of energy balance for a standard wa Il with

U=0.57 w/mzK. Surface absorptance of 0.95.
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Plots of bright sky and overcast medule heat balance

for various set points of a thermochromic control screen.
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Appendix 1.

"Maxorb" Solar Foil




MAXORB™* Solar Foil

MAXORB* solar foil is a thin nickel foil with a black surface designed for high efficiency
solar energy collection. The black surface is produced by a new process which gives the solar foil
an outstanding combination of high absorptance, low emittance and high resistance to humidity
and thermal degradation. MAXORB™* solar foil is supplied as strip, either uncoated or coated
with a special pressure-sensitive adhesive which can be used at high temperatures. Coated coils

of MAXORB* foil are supplied with a release paper.

Properties:
{a) Foil

Solar absorptance « = 0.55 to 0.98
0.12 £ 0.03

Tensile Strength > 600 N/mm?

Resistance to humidity: no degradation of properties after 10 days humidity
tests per MIL STD 810C.

Emissivity (at 100°¢C)

Temperature Cycling: no degradation of properties after repeated cycling
from —20°C to 200°C.

Breakdown Temperature: adhesive coated foil = 2200C  (428°%)Y,
uncoated foil = 3159C (600°F)

{b) Adhesive

The silicone-based adhesive has been used for many years in high temperature
applications: for instance, in heat deflectors, high temperature vapour barriers
and electrical insulation in aircraft, power plants and motors. It has moisture
and weathering resistance, withstanding the effects of sunlight, ozone, fungus
and many corrosive chemicals. A clean release may be expected after long

term adhesion without leaving a hardened residue or stain.
Availability
MAXORB* solar foil is available in coils with a width of 148 mm and lengths up to 200

metres. Coils in widths up to 1 metre will be available later, and foil of greater thickness

could be made available if required.

*Registered Trade Mark

T -\



Applications

Principal applications are in flat-plate solar collectors for hot water, air conditioning,

de-salination etc.

MAXORB* solar foil can be applied on to flat-plate solar collectors with a minimum
of effort and cost compared with other methods of surface preparation such as painting
or electroplating. An overall performance increase of 20 to 25% can be expected from a
collector made with MAXORB* solar foil compared to black paint in collector systems

operating in domestic applications.

Benefits of MAXORB™* Solar Foil

@ Low capital investment for collector manufacturer — no need for manufacturer

to develop expertise in production of large area high quality selective surfaces.
® Prices are very competitive with alternative selective surfaces.

e Minimises collector plate handling and transportation costs that are necessary

when using other surface treatments.

@ Selective surface of consistent quality.

e Better collector performance than black baint over all weather and hot water
conditions.

@ Good uniformity.

@ Potential of a longer life than painted surfaces.
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Experimemci Results.



Results sheet A

Results as calibrated.

TRANSDUCERS 'B'

Date: 30,6.82
Configuration
Boxes only
R 4
3 %
Objective.
Determination of heat loss
through boxes
VOLTAGE CURRENT REF. ¢ POWER RESISTANCE
2 .33 21.8 .66 6.05
‘,___’; 2.95 463 29.3 1.36 6.371
> 3.8 .577 35.6 2.193 6.584
4.5 662 42 2.979 6.797
5.4 .76 50.3 4,104 7.105
1 2 3 4 5 7 8 9
| -4.7
‘é v—10.4
o -16.2
a
7| -22.7
é -30.4
i 2 3 4 5 7 8




Results sheet B
Results as calibrated
Date: 25. 6. 82
ée
Configuration.
A6 44 (65 2
Boxes with screen carrier g g x X
potted transducers R A
Objective. TR S
. As Ay 8,8, B8,
Determination of screen carrier
heat loss.
VOLTAGE CURRENT REF. t POWER RESISTANCE
3.45 .28 24 .4 966 12.32
= 4625 32 2.77 12.97
[«
Z 7 .531 35.6 3.717 13.182
9.01 .655 44,2 5.9 13.55
10 71 49.3 7.1 14,08
1 2 3 4 5 7 8 9
<| -4.5| - -8 | -7 | =7 | -7 |— |— |-4.4
g 1.7 — 2.2 -1.94 -1,95/ -1.8 |— |— |-11.7
8 -15.6 —_ -2.85 -2.53| -2.65|-2.35 | — —_— -15.7
20 -24 | — 43| -3.82 -3.89|-3.44 | — |— |-24.1
E 28.8| — | -5.0| -4.5| -4.56/-3.99 |— |— |-28.7
BE 2 |3 |4 |5 |s |7 |8
AR 6| = | -7 -7 = |-8 |-.7
&2
8-2.14 -1.53 — -2.03 1.7 | — -2.18 |-1.93
-
al2.8 | -2.04 — | -2.7Y -2.26| — |-2.81|-2.5
%—4.16 0o — | -4.14 -3.37| — | -4.29 |-3.73
Tl-4.92 | -3.5 | — 4.8 =3.92| — | -4.45 |-4.39




Results sheet

C

Results as calibrated

Do’re:. 14, 6.81 Ao
Configuration Ac As By Bs B,
3mm Glass screens
25mm Gap, sealed with mastic Ml A A R BRI,
potted transducers
Obijective. As s B é“ 8,
Determination of less through screen
array
VOLTAGE CURRENT  |REF. t POWER RESISTANCE
2.79 439 30.3 1.225 6.35
v 4.2 635 37.5 2.667 6.614
2 5.2 762 43.8 3.96 6.82
£ ¢ 858 49 5.148 6.99
6.9 .96 53.9 6.624 7.185
1 2 3 4 5 6 7 8 | 9
< 69| -4.8|-5.7-54-6.5 - 6.18- 58|~ 6.6|- 7.5
% 1370 9.4 | -11.4]-10.5 |-12.9 |-11.96|-11.% -13 |-14.6
2| -19.6) -13.2 | -16.3|-14.7 |-18.4 -16.84 |-15.94|-18.4 |-20.7
Dl 25.11-16.7 | -20.8 |-18.36|-23.4 }-21.23 |-20.13|-23.4 1-26.2
Sl 31 71209 | -26.2|-22.96]-29.5 +26.53 |-25.23|-29.5 33.3
1 2 3 4 5 6 7 | 8
= 31d4-2.12 | -2.76| -3.96| -3.34|-3.75 |-4.93 |-4.37
% 6,47 -3.94 | -5,42 | -8.14 | -6,39 -7.4 |-9.95 |-8.
2| -9.2!-5.46 |-7.58 |-11.72| -8.74 -10.36 114,27 |-11.5
g V1.7 l-4.67 |-9.46 |-14.8 F10.9 -13.02 +18.09 -14.38
—|-14,66/-8.09 |-11.631-18.6 |-13.38 -16.2 -22.8 |-17.8

§ — -




Results sheet D

Results as calibrated.

Date: 16.07.82 fs
Configuration Ac Ay B¢ B B2
4 inner screens
polythene, outer-glass AzB5 R A
25mm gap
Objective A‘s ':3 E,:-; ;4 é,
Determination of heat loss
through screens.
VOLTAGE CURRENT REF. ¢ POWER RESISTANCE
3 .46 30 1.38 6.52
g 4.2 .643 34.9 2.7 6.53
Zl s 741 39.1 3.7 6.75
.87 44.8 5.22 6.89
7.2 1.01 52 7.27 7.124
] 2 3 4 5 6 7 8 9
;( - 6.7- 6.3 |- 5.8 |- 5.6|-6.3|-6.7 | - - - 7.6
% 11.61-10.65 |- 9.7 |- 9.26-10.76|-10.3 | - | - |-12.43
8 ~15.7 |-14,15|-13 |-12.25|-14.25 |-13.7 - - -16.5
(2 -21.51-19.26 |- 17.6 |-16.55/-19.65 |-18.48| - - -22.9
é -29.4 [-26.2 |- 23.75-22.2 -26.6 |-25 - - -31.2
1 |2 3 |4 |5 6 |7 8
Yl - 4.1/-3.2 |- 6.2 |- 4.8 |- 4.6 - - 5.4/- 5.0
b:-; - 6.8/-5.04 |-10.4 |- 7.8 |- 6.87 - |-8.9 - 8.12
% - 9.0- 6.45+-14 +10.28 |- 9.05 - |-11.9 |-10.7
2| -12,19-8.77 18,8 14040 12,11 = |-16.12,-14.28
-16.45/-11.48+25.5 |-18.9 |-15.97 - -21.64/-19.06




Date: 23.07.82

Results sheet E

Results as calibrated

Configuration.
Three polythene inner screens, L 2 a.
4th screen Howson, outer screen BsiA2
glass.
As As 8, By B,
Objective.
Determination of heat loss through
screen array
VOLTAGE CURRENT REF. t POWER RESISTANCE
3.98 .6125 33.6 2.43 6.49
n | 5.49 .804 43.2 4.4 6.82
Ig. 6.5 .92 50.5 5.98 7.065
= 7 .97 54 6.79 7.216
1.9 .315 23.6 .627 6.03
1 2 3 4 5 6 7 8 9
2121 [-12.0 | - 9.9-9.28| -11.4|-10.65 - - |-12.8
©wl-21.1{-20.2 | -16.8-15.56 | -19.6|-18.12 | - - =22
g -27.71-26.3 | - 22/-20.25|-25.7 |-23.6 | - - |-28.9
§—31.4 ~29.4 | -24.6|-22.64 | -28.9 126.38 | - - |-32.6
2(-3.3 |-3.5| -2.8-2.6 | -29]-29 | - | - 3.4
1 2 3 4 5 | 6 7 8
@F5.93 |-4.33 |-12.0 | -7.02| -6.1| - |-8.46|-7.44
210.1  |-7.16 |-20.5 |-11.96|-10.13 - |-14.4 |-12.29
%xsjs -9.08 |-26.8 |-15.52|-12.97] - |-18.64|-15.96
34,64 [10.09 |-30.1 |[-17.4 |-14.45 - |-20.75|-17.74
é-‘!.é -1.3 |3.3 |-1.8 | -1.5| - |-2.2 |-2.1




Results sheet F
Results as calibrated.
Date: 03.08.82 Ao
Configuration bo As By By 8,
Inner two screens polythene outer
screen glass. Baﬁz 'R ‘m
3rd & 4th screens metalised polyester.
Objective. As Az By 84 B,
Determination of heat lass through
screens.
VOLTAGE  [CURRENT REF. t POWER RESISTANCE
2.97 466 29 1.38 6.37
w4 .605 36.8 2,42 6.61
5 s 733 4.0 3,665 6.82
% 5.7 .81 49.8 4.617 7.03
6.5 .891 56.2 5.79 7.295
1 2 3 4 5 6 7 8 9
%/ -8.1 (8.8 -7.1 |-6.5 |-8.0 |-7.5 |- - 18.7
21-14.1 P47 -12.0 M0 -13.8 #12.72 | - - 449
Lé-zo.s 20.94 |-17.3 |-15.75 |-19.86 118.29 | - - s
2-25 25.35 |-21,2 |-19.14 |-24.45 122.36 | - - 126.5
—|-31.3 131,35 |-26.0 |-23.43 |- 30.15[-27.34 | - - 132.6
B 2 3 4 5 6 7 8
©_3.35|-2.76 | -8.8 | -4.3 |-3.63| -  15.54 |4.86
§-5.6 ~4.056|-14.8 |-7.17|-5.95| - |-9.49 | -8.0
ug,—a.os -5.67 |-21.1 |-10.314 -8.38 | -  H3.64 |-11.36
2-9.82 -6.79 |-25.8 12,57 |-10.13 | - 116.67 |-13.73
m~12.09 |-8.317| -31.7/-15.32 |-12.27 | - 120.5 |-16.7




Results sheet G

Results as calibrated.

Ao
Date: 13.08.82 5
: As By Bg By
Configuration. T
4 screens only
Bs|A, R A,
3 inner screens polythene I -
outer screen glass
25mm gap I 9
Objective.
Determination of heat lcss
through screen array .
VOLTAGE CURRENT REF. t POWER RESISTANCE
1.975 .32 23.8 .632 6.17
A 4 .62 32.3 2.48 6.46
li;-)—_ 5 .7576 37.9 3.785 6.60
~ 6.6 .948 47 .5 6.256 6.96
7.2 1.015 51.5 7.308 7.09
o 1 2 3 4 5 6 7 8 9
-3 -3 -2.8 ~2.4 -2.8-24 | - - -3.1
g -10.6(-9.9 9.8 -9.2 -10.4/-9.8 | - - 11.4
é -15.8 114.2 44.2 3.0 -15.3|-14.4 | - - 116.8
2248219 22 120.0 | -23.9-22.0 | - - 6.2
| -20.815.2 25.4 123.65 | -27.7/25.85| - - 30.4
- 1 2 3 4 5 6 7 8
Z -1.75 -1.4 | -3.1 |-2.1 -2.00 - -2.4 | -2.3
G| -6.4 -4.8 H0.1 |76 -6.6f - |-8.7 | 7.8
Q| -9.5|-6.7 H4.6 HI1.1 | -9.35 - 112.73 |-11.2
% -14.5 F10.0 +22.4 H7.2 |41 | -  19.7 |-17.1
T -16.7 |-11.4 F25.9 +19.8 -16.3 | - ~22.8 | -19.6

. — g~




Results sheet H

Results as recorded

Date: 08.07.82

Configuration.

3mm Glass screens

25mm gap e o o A

Transducers on both sides of

screens.
Objective.

Screen temperature.

Determination of temperature drop

ACross screens.

VOLTAGE CURRENT REF. t POWER RESISTANCE

28.3

n 33.5
; 42.4
- 52.8

1 2 3 4 5 6 7 8 9
<.g2| -33 - |- | - |- 47| -58] 8.2
%—13.9 -51] - - - |- - 7.3/-9.2 |-14.2
2-21.8 | -7.8 | - - - |- -11.3 |-14.2 +22.3
21304 21006 | - |- Sl - ] -15.5]-19.6 31,2
S
~

1.2 | 2.2 3 42 | 52 | 6 7.2 |8.2
@|-7 8.1 |-6.8 4.8 -3.3|-7.9 | -1 |-5.8
g-n.es 13,3 k1.2 +7.6 | -5.3H3.1 | -2 |-9.5
218 120.8 F17.4 1.6 | -8.1120.5 |-.2 |-14.7
2-24.8 s 9 [24.2 H16.1 |-11.1 28.6 |-.4 -20.3
o2

WV




CALIBRATION
TRANSDUCER SLOPE
oC/°C

Al 0

A2 L 003
A3 0

A4 - 00435
A5 - 004608
Ab - 0143
A7 - .00663
A8 -, 0095
A9 4 . 0081
B1 - .00815
B2 L ,0039
B3 - ,00967
B4 ~ .012
BS - .0126

6 - .014
B7 0115
B8 - 0095
B22 Q416
B42 - .0083
B52 - .0093
B7.2 0

B8.2 - .0273

RESULTS SHEET |

TRANSDUCER CALIBRATION SLOPES.

SO



Appendix 3.

Diffuse Radiation Absorbtion

by the Module.



Appendix 3.

Diffuse Radiation Absorption by the Module.

When absorbing diffuse radiation, the module sees a portion of the

sky fron which  radiation is emanating. The sky will be emanating
with some sort of distribution of energy, and tte absorber of the mod-
ule will have a proportion of its view of the sky blocked by the sides
of the module. Furthermore, the radiation from the sky will be atten-
uated by the module screen array, and a proportion of it will be re-
flected by the sides of the module onto the abserber surfoce‘.

This results in @ complex analysis which is indicated as follows, start-
ing with the simplest case, and progressing towards consideration of

the medule.

1) Isotropic Sky, Plane Surface

The isotropic sky is that associated with the general constant

background irradiation of a bright clear day, as explained in
Chapter 6.3.1.

Referring to Figure A.3.1.

The sky vault is considered as the total of a series of elemental
areas defined by the element 66,55. And we can say that
the apparent area of a horizontal surface viewed from that sky

vault element is

a Cos © A 3.1

The solid angle subtended by this apparent area to the sky ele-

ment is thus

cCose/rz' A3.2.
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And the area of the sky vault element is
rdO x r&3 Sin 6 = (2 sin 8668 &3 A 3.3

If the unit radiance of the sky vault is then Lwcf’rs/mz

steradian, the flux upon the horizontal area is defined by:
11_2 Sin ecg-eorﬁ x a Cos 6/,.2
= LaSin §Cos 6 £6 IR A 3.4,

Integrating for all values of © and (3 we have

2K 7\'/2
L, = La Sin g Cos nd @ df3
=0 ez—n/z

2K m
i /2 i
“Tfa i[cw26] " dp = Tia

o /o A 3.5.

Similarly for a vertical surface,

—/T/ 2

=T/, la

Thus, as might have been expected for an isotropic sky, the ratio of

energy falling upon a vertical surface, to that on a horizontal sur-

face is 0.5.




2. Non lIsotropic Sky, Plane Surface.

However, the distribution of energy in an overcast sky has been
found to be such as to reach a maximum at the apex, and reduce
towards the horizon. The precise nature of this variation in radi-
ance is not clear, Moon and Spencer (1942) proposed that this

function is:

1 x 1 (1+2Cx®) where L is the zenith radiance.

Substituting this value in the horizontal and vertical expressions for

horizontal and vertical surfaces we find:

For horizontal surfaces.

CasB Sin B + 2 Cos’B Sin GO d[3

- 7,
- 2
/5
= 77 xla
5 A 3.7.

For vertical surfaces.

7T/2 7T/2
Sin 26 Cos/j + 2 Sin 29Cos/3 CosB d Gd/S

/2] 6=0

-
-1 /2 W Ay
= La /2 2

3 CosBx [e-%sm 2% +%cosp[5in€}/ dp

2 o )

_Tr/z
- Lsi (T/, + A A 3.8.



This indicates a vertical to horizontal ratio of 0.414. These same

proportions are reported by Walsh (1961) and Page (1977).

Steven (1977) in his more recent work has established a relation-

ship for the sky vault radiance of

Lx (1+1.4Cos &) A 3.9.
1+1.4

If we consider that the radiance can be represented by a function of
the form ¥ (o< + 2 Cgs &) we can use this as a general case
which can be employed to establish the vertical/horizontal relation-

ship dependent upon the factors § and o .

Non Isotropic Sky, Module Self Shading

Before considering the situation of the module, it is necessary to
define the value of the shading angles which are formed by the sun,

or an element of sky vault.

Figure A.3.2. indicates the angles in question. S is termed the
vertical wall shadow angle, and/j the horizontal wall shadow

angle.

The horizontal wall shadow angle is easily determined from the
solar bearing and the wall azimath angle, as shown in Chapter

6.3.1.

The vertical wall shadow angle is given by

1

S=Tcn— (Tan & x Cos/j,) A.3.10.

The area of absorber which is directly illuminated by a sky vault

element is given by

10 7



Ay = (H - T ) x(L—Tfon/B)
Tan & Cos/3
—(HL - TL = HTSinf® + T2Sin/>Cos© A.3.11.
Tan & Cosp Cos[b Cos[5 Sin®@ Cosﬁ

This area subtended to an element of sky is

Aps = HL SinB CosP -TL Ces© -HT Sin{-’-" Sin6 + TZSinﬁCose
Cos(_%

This results in the energy falling directly upon the absorber of

EAD = IXT XAAS A.3.]2.

Where T = transmission of the screen array; but Figure 6.4. indicates that

T =T n Cos (incidence angle).

Where Tn is the normal transmission and this can be shown to be
T=Thn Cos(3 Sin© A.3.13.
Substituting this, gives
EAD =IxT HL C052 Sinze -TL CosﬁSine Cos ©
n IE
. .3 2 .. .
- HT Smﬁ Cosﬁ) Sin & +T Sm[:’) COSGSme}
However I=Lx ¥ (ot Sin® + 2S5in® CosO ) A.3.14.
2

Then EAD = Lx Thn X{(o{ Sin36+231n39 Cas © )x(HL Cos™/3 )

- HT Sin/S Cos/B ) + (= Sin26 Cas © +25in28 Cosze)x

(1%5in B-TLCos /3 )}

A.3.15.

However, energy from the sky vault also falls upon the sides of the module and
is then reflected onto the absorber. The effect of double reflection from side to

base to absorber and vice versa is neglected.
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In a similar way to the derivation of EAD, the energy reflected from the sides

to the absorber can be determined as follows.

Area of base illuminated =L x T —ﬁ_fcn[i
2

Subtended area =(LxT —ﬁ_fcnfs )Cos ©
2

Area of side illuminated = HT - T2

2 Tanb Cos(-’>

Subtended side area = (HT - 1_2__) xSin® xSinf3
zfcue Cos 2 A.3.16.

The total energy reflected onto the absorber is

| x T % P x (Sin & Cos B (LT Cos[3 - Tsz[S
+ HT Sm/ECosP Sm 6)

Where P = reflectance of the module sides.

Then EAR =L xT x[_> x X {OL Sm 6 Cos 6 (LTCos/3 -TZSm/S
+ HTeC Sin & Cos/f: Sin @ +2$|n 6 x
C® (LT Casfp - T2SinB)

+ 2HT Sin[ﬁ Cos[_% Sin36 Cos 8}

Rearranging
= 2. ) 2e .2
EAR =L T, X ( PLT Cos> - (DT Sin[3 )x{ % Sin Cos® + 2Sin" 6 x
Cos?6 )+ EHT Sin Cos (3 x

(¢ Sin36 + 253n36 Cos © )}
A.3.17.
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Combining EAR and Expy we have the total energy falling on the absorber.

ET = i ’Tn bt {H Cos3 (L Cos(3 + TSin{’;( P - 1))x(oLSin39 + 25in36 CosB)
+(T25in[3>(] -r>)+ TL( P—])Cos[i)x(o( Sinze Cos 6 +ZSin26 Cosze )

A.3.17.

This term can now be integrated between the limits defined by the maximum

wall shadow angles as follows:

S NAALUNYS /A

=1 xT x2x¥ )C(Qp)dp de A.3.18.

B=0 6=A(T/,, CosB) =z

The integrals involved in this first integration are:

Function Integral Definate integral value
.3 1~ 3 3
Sin" 6 1Cos"0 -CaxsB CosZ - Cos™(2) /3
Sin36C059 %Sin4 & .25- (Sin4Z)/4
Sin%Cos © %Sin3@ 3 - (s;n32)/3
2 2
Sin‘eCos & -Sind & -Z, +SindZ
S/8 35 7r/]6 /3 /32
Which gives
AN 7
- ] _ 3
ET= Lx Tn x 2x8 {H Cosﬁ (L Cosﬁ+ TSmﬁ (P—]))x(o((CosZ-Cgs Z+
AB=o

20,2551 2) (T *Sing3 (1-P WTL (P 1) Cosf3)

x( (5-5in°2)+ 207, =55 sindz)) dp
3 6™ '8 =33

A.3.19.
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For an isotropic sky, the corresponding expression is

ATN L/t
Er=LT x2 / HCy (L C ; “X(CosZ-CoaZ
- T * 05/3( OS(S"'TSm/z(P Dx(Cos _3.05. )
o}
2S5 (1-P) +TL Con (P =156 —s_m_f”a} e
3

These expressions must be integrated numerically, and results are
indicated graphically in Figure A.3.3.for a metre square module
with .125m sides, neglecting the terms to the left of the -integral

sign.

As can be seen, the values are relatively insensitive to module
depth and side reflectance. The ordinate points are 0.666 for the

case of Stevens sky distribution, and 1.047 for the isotropic case.

These can be checked by considering the integral term with T set

to zero in which case the integral term is <‘)Cr-om A.B.%’-) :

(°< Sin 29 Cosﬁ +2Sin 26 Cos & Cos[i)
x Sin B Cosﬁ dﬁde

b

- Coszﬁ(og—%-i-%) A.3.20

= 0.664 for the Stevens distribution which compares favourably

with the numerical integration value of 0.660 using Simpsons rule.

The equivalent term for a horizontal surface is 2.52 in consequence
of which the vertical/horizontal ratio for the Stevens distribution

for the madule is 0.263, and for the isotropic sky is .312.

From which it follows that the energy falling upon the absorber from

the Stevens sky is 0.263 x T of the horizontal surface value, and




312 x 'Yn for an isotropic sky, with perfectly reflecting

module sides, and or zero thickness of medule.

4. Energy absorbed by the glass screen

From Chapter 4.2. the energy absorbed is given by:
- -e -KL/Cos @)

Where @ =angle of incidence.

For diffuse radiation, the energy absorbed, assuming a non isotropic

sky is:
2 /5

3' (Sin29 Cos/-{ +2Sin26 CosﬁCos@)
6=""2) 6-0

X (1—éKL/SIn9 Cos,@)d/B de

A.3.21

This is a difficult calculation, and to simplify matters, the author
has assumed an isotropic sky distribution. For such a distribution,
Branden Muh! and Beckman (1980) have demonstrated that the inci-

dent radiation can be regarded as having an effective incidence

angle of 600, in which case,

) _KL/Cos 60)
By =(1-e A.3.22

If we assume an extinction coefficient of 10, and a thickness of 5mm,
this results in a value of 0.095, and in consequence a value of 0.1
is assumed, i.e. for diffuse radiation, the outer glass screen of the

module is assumed to absorb 10% of incident radiation.




Vertical Surface
\of Area A. i

IS

Horizontal
Surface of Area A

Figure A.3.1.

Showing the relationship between the zenith

angle and the horizontal wall shadow angle

for an element of skyvault, in the analysis of

diffuse radiation absorption by the module.




-

Light Beam

SyYSSMSNNMNN P H

YOI YY.

For vertical side, area of side
7An 8 = 7N & Ca,y/@ subtended = A4S/ 8 S/ 3

. For horizontal side, area of side
| subtended = 4 (oy &

For vertical back face, area of back
subtended = @ ' Co3,/8 S/~ &

7

e
Figure A.3.2.

Relationship between the horizontal and vertical

wall shadow angles , and the solar azimuth and

altitude .




Value of integral term.

]

'Curves for

|
i

1.2 8 4 5 6 7 .8 . 1.0

Ratio of module thickness to height

Figure A.3.3.

Graph of the integral terms for isotropic

and Steven's skies versus the ratio of module

thickness to height for a square module, for

various values of wall reflectance.




Appendix 4,

Computer Programes.
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Appendix 4.1.

Thermal Losses From The

Experimental Apparatus.
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Appendix 4.2.

Thermal losses from the Wall Module
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Appendix 4.3.

Solar Transmission of the Wall Module
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Appendix 4.4.

Daily Thermal Performance of the Wall Module
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