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Abstract

The object of this thesis was to develop a
two-dimensional computer model of the transwall passive
solar system. The methodology employed an explicit
finite difference solution together with the concept of
effective conductivityvto acéount for circulation
phenomena.

A small transwall module irradiated by a solar
simulator was used to establish a basic one-dimensional
computer model. This was the basis for the development
of the one-dimensional and two-dimensional computer
programs for predicting the temperature distributions

module
within the full size transwall , and its heat transfer

with the environment.

The transmission of irradiance measured through the
small transwall module was found to agree with that
predicted to 3% for pure water and 2% for a water/dye
solution, Lissamine Red 3GX. Various one-dimensional
computer models were tested against experimental results
for the small transwall module. Variations .included
models with, and without boundary layer, full glass and
multi-glass slabs, full water and half water slabs. The
third model which involves the boundary layer gave good
agreement between theory and experiment, and
consequently it was used to develop two dimensional
computer models that apply to a full size transwall

module tested in a solar test cell.



The two-dimensional model was found to predict the
horizontal temperature distributions within the
transwall reasonably well, but it does not reproduce as
well the vertical temperature gradients. The validation
experimentation in the solar test cell suggests that the
effective conductivity approach of itself cannot
reproduce well the effects of stratification. Two
alternative approaches are suggested’for further
investigation.

The one-dimensional computer program was applied as
a design tool to a house designed on passive solar
principles, including a transwall. The simulated
performance of the transwall shows that the version
developed in the University of Glasgow is superior to
the water-gel type used by Ames Research Laboratory of
Iowa University, the optimum parameters of water
thickness (0.15m) and Lissamine Red 3GX dye
concentration (10~-20 ppm) are determined, the
performance insensitivity to free air circulation
established, and the fraction of the heat load met by
the transwall quantified, including direct gain through

the transwall, 12% in Winter, and 30% in Spring/Autumn.

xi
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Introduction

Passive solar heating has become increasingly
important and a new passive solar heating system called
the “Transwall” is currently under development. Most of
the initial work on Transwalls has been undertaken by
the Ames Research Laboratory of Iowa University, U.S.A.

The transwall is a visually transparent thermal
storage wall which is placed in building areas that
receive direct solar irradiation. It has a unique
feature in that it incorporates the aspects of both the
direct gain and Trombe wall systems. A typical
transwall is made of modules (1.2 m x 0.6 m x 0.18 m) of
water filled glass, or plastic, tanks heid within a
framework behind the glazing window as Figure (1)

illustrates. Of the incident solar irradiation falling

on the transwali after

passing through the

window—

window (glazing) ‘about glazing | H {Transwull

— modules

half is absorbed, one \\*\\\

sixth is transmitted as frumewoﬂe

Wi

..

direct gain, and the rest
is reflected by the Figure! The TRANSWALL
supporting structure.

The room is illuminated -by the transmitted fraction
of solar energy, as in the direct gain system. This
fraction can be made small enough to eliminate

overheating, glare and photodegradation of the interior



furnishings, which are undesirable characteristics of
conyentional direct g¢gain systems, while still ailowing
good visual transmission. These aspects make the
transwall system to be more architecturally appealing
than the completely absorbing Trombe wall system.

-The aim of the present work was to develop and
validate a computer médel to predict the temperature
distributions in the transwall, and hence its heat
transfer in the environment. This was achieved by first
developing a one-dimensional computer model using a
small transwall module irradiated by a solar simulator
in a temperature controlled laboratory. The results of
the small transwall analysis were used as a guide to the
development of the one-dimensional and two-dimensional
computer models applicable to the full size transwall
module.

This thesis starts with the description of the
conventional passive solar systems that are rivals or
complementaﬁ& systems to the transwall, together with a
general review of transwall development. There follows
a critical evaluation of the transwall designs pioneered
by the Ames Research Laboratory of Iowa University, and
the merits attributed to the transwall developed by the
Mechanical Engineering Research Annexe (MERA) of Glasgow
University.

The second chépter is devoted to the development and
experimental validation of one-dimensional computer

models of the transwall temperature distribution. The



computer models in general are based on the concept of
‘effective conductivity”™ because experience at the
University of Glasgow has shown that the running time of
a computer program modelling transwall temperatures and
velocities using the fundamental approach of balancing
volumetric energy, momentum, mass, was too long even on
a mainframe computer. The bqundary layer at the
glass/water interface is accounted for by a form of
“contact resistance”, while still recognizing that there
is no factual temperature drop at the inter surface
plane. Thus the transwall is treated essentially as a
semi-transparent solid with spectral absorption as an
important feature. The equations for the temperature
distribution in the transwall are solved by a finite
difference method. The explicit method was chosen over
implicit because it is better able to handle the
potentialiy large number of equations.

The chapter goes on to describe experiments
involving the small transwall module. The module was
irradiated by a solar simulator and it was used to
develop the initial one-dimensional models because the
laboratory conditions are controlled, and in particular
irradiation is unidirectional and appropriate to the
one-dimensional system, i.e. there is 1little diffuse
irradiation or shading. A number of one-dimensional
computer models were then developed and tested against
experimental results for the small transwall module.

These include models with and without boundary layer,



full glass and multi-glass slabs, full water and half
watet slabs. The model which incorporates the boundary
layer was chosen as the most representative of observed
phenomena, and thus it was used to develop the
one-dimensional and two-dimensional computer models of
the full .size transwall module.

Some experimental problems were encountefed,
particularly with the solar simulator and the effects of
laboratory temperature fluctuations. The simulator
irradiance depends on voltage, and the fractional
energies of the spectral wavebands were not as
originally expected. The second chapter then continues
to recount how uncertainties in the extinction
coefficients of the glass and water-dye were resolved.
Finally, the chapter describes how the laboratory
temperature fluctuations were tackled. Basically the
boundary conditions of the computer models clearly
depend on the heat transfer coefficients transwall
surface to air and on the laboratory temperature in the
region of tﬁe transwall. The former were determined by
selective insulation of the module surfaces and
“back-calculating”™ the heat transfer coefficients to
match the observed reduction in temperatures while the
module cooled. The inadequate laboratory temperature
control proved to be a rather intractable problem, and
eventually recourse was made to fitting draught screens
which only partially ameliorated the problem.

Chapter three starts by giving a synopsis of the two



dimensional computer model of the absorption in a
tfanswall developed by Greveniotis [20]. This 1is
followed by a detailed description of the modifications
adopted to improve the model, the deveiopment of the
two-dimensional temperature prediction program, the
experiments with the full size transwall in the solar
test cell, and finally the comparison of the computer
model with experimental results. |

In general, the two dimensional computer model of
the absorption acknowledges that shading within and
without the transwall occurs, including reflections from
the bottom glass, and then sets about calculating
absorption in various slabs into which the transwall is
divided. The computer model of the absorption was
extensively modified. Firstly, it was translated from
BASIC to FORTRAN in order to run it on the IBM P/S
Microcomputers. Secondly, it was modified to
accommodate the model of surface contact resistance in
the boundary layer, and finally, it was incorporated
into the temperature subroutine program that employs the
concept of effective.conductivity to account for
"circulation phenomena using the method of finite
differences.

Despite the poor summer of 1988 experiments were
carried out in a solar test cell using the full size
transwall to collect data, viz solar irradiation and
temperature distributions in the transwall. The heat

transfer coefficients transwall to air, were calculated




in a similar manner, ~back-calculating~ described in the
second chapter. The measured values of the heat
transfer coefficients were compared to those predicted
by the temperature subroutine program. Results
indicate:. that the two dimensional model is insensitive
to vertical variations of the heat transfer
coefficients, transwalivto air.

The third chapter then concludes by giving a
detailed account of the comparison of the two
dimensional computer model with experiments. The model
was found to yield a fairly reasonable agreement with
experimental horizontal temperature’distributions in the
transwall. However, the two dimensional computer model
could not reproduce as well vertical temperature
gradients. A possible suspect is that the circulation
pattern in the transwall is more complex than originally
anticipated, and hence the effective‘conductivity of
itself is inadequate to quantify stratification
effects. Two alternatives are suggested in the final
chapter on future work. \

The penultimate chapter is devoted to the
application of the Glasgow transwall simulation model to
determine the optimum parameters for the transwall when
built in a house designed on solar engineering
principles and located in the West of Scotland. The
one-dimensional computer model was chosen to study the
performance of the Glasgow University water—dye

transwall against the water—-gel version developed by the



Ames Research Laboratory of Iowa University. Not
unnaturally the Glasgow transwal: was found te be
superior to the Ames version. The Glasgow transwall

optimum parameters were determined, i.e. the water

thickness, and the Lissamine Red 3GX dye concentration.
The performance was found to be insensitive to free air
circulation unlike the Trombe wall. The fractional heat
load provided by the transwall, including its component
of direct gain, is 30% in Spring/Autumn and 12% in
Winter.

The last chapﬁer begins by an appraisal of future
work that could be undertaken to improve the performance
of the computer models, with emphasis on better
quantifying stratification. Two suggestions are
offered, namely the two dimensional approach involving
the partial redistribution of the enthalpy rise in the
first water half-slabs to the upper 1 1/2-slabs, and a
one-dimensional analysis in which the transwall is
divided into halves, the upper and the lower, and then
linking the temperatures of both halves by a
dimensionléss correlation. The chapter then goes on tov
give a summary of improvements to the experimental
apparatus associated with both the small and the full
size transwalls. It concludes by giving a summary of
the achievements attained in this work, together with
the conclusions reached.

Finally, the work reported in this thesis 1is the

author”s own with the following exceptions. The solar



simulator was designed and commissioned by Paparsenos.
[26]. The solarvtést cell was designed and mainly
instrumented by Nisbet [7], but modified by the author.
The two dimensional absorption program was written
originally in BASIC by Greveniotis [20]. The author
rewrote the program in FORTRAN and then extensively
modified it. The heat ldad.program for the solar house
of chapter 4 was written by Ham [47], and the stress
analysis/design of the transwall frame by Francis [48].
The author”™s one-dimensional computer program replaced
Ham”™s lumped system appréach in determining the heat

release from the transwall.
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Chapter 1

Passive Solar Systems.

1.1 Introduction.

Passive solar Systems are distinguished from active
systems by the fact that they do not require mechanical
systems such as pumps, fans, blowers to collect and
transport heat energy. Instead, heat transfer is by
free convection, conduction and radiation [1,2].
However, in practice, the distinction becomes blurred
because systems involving small air circulation fans
and/or air diétribution systems are often classified as
passive. It is a matter of degree. Passive systems can
be subdivided into direct gain, thermal storégeAsystems,
and hybrid systems involving both classifications‘e.g.
the transwall defined in the introduction.

This chapter describes passive solar systems which
are rivals to the transwall; namely direct gain,
conservatory, (sunspaces), Trombe wall, water wall, and
water roof. Transwall systems are then described
followed.by éomparisonswith competitive systems.
Finally there is a critical appraisal of the transwall
designs developed by the Ames Research Laboratory and
the advantages claimed for the version developed by the

Mechanical Engineering Research Annexe (MERA) of Glasgow

University.



1.2 Direct Gain Systems.

- Direct gain systéms use solar irradiance transmitted
through glazing to warm up the surfaces and thus the
space of a building. Such systems employ windows,

clerestories and conservatories to collect heat energy.

1.2.1 Windows.

The direct gain of energy through windows meets part
of the building heating load, but it is estimated that
only a small percentage (circa 5%) of the heat load of
an average domestic house is met by the solar gain [2].
In a modern design of a highly insulated house, with
most (circa 80%) of its windows to the south, the
~ percentage rises to 30%. The principal drawback of an

enhanced window area in a solar energy system is that

the windows also pro&ide a path for heat losses. This
leads to the concept of the "Effective U-Value" (EUV),
which is the average heat loss less the solar gain.
South facing windows [1,2], single glazed have a high
EUV of 3.0 W/(m2.K) (U-value of 5.6 W/ (m2.K)
compared to an EUV for double glazing of 0.8 W/ (m2.K),
or Kappafloatt double glazing of 0.2 W/(m2.K).

Clearly an improved thermal performance requires an

+ Kappafloat is a Pilkington trade name for a
double glazed window with a long wavelength
reflective coating on an inner surface.

10



increase in capital outlay e.g. Kappafloat glazing costs
40% more than double élazing.

Clerestories are high windows in a building which
allows solar irradiance to penetrate to the internal
north face. Obviously such buildings have to be open
p;an in design and frequently incorporate a gallery. A
house utilizing this principle is described in Section

1.2.2.

1.2.2 Conservatories (Sun spaces).

Conservatories, or sun spaces, are used increasingly
as energy saving units in buildings where their function
is to. preheat air prior to circulation through the
house, and they can also incorporate a large mass of
thermal storage. Previously conservatories have .been
used as sunny lounge areas with plenty of vegetation, a
"greenhouse", and their potential as energy savers was
never acknowledged [1].

Conservatories have a tendency to overheat if not
carefully designed and a ventilation system is
essential. In Qinter, the conservatory can also become
a heating liability and this can be prevented'By
thermally decoupling the conservatory from the
building. A double glazed conservatory will stay above
the 13%:habitability limit for 37% of the heating season
and 90% of the daylight hours [1,2].

Conservatories are often single glazed structures,

but double glazing normally is preferred because it

11



extends substantially its operationél season. A typical
conservatory for a Building is shown in Figure 1l.1l(a)
and Figure 1.1(b). The south facing conservatory
captures the available solar gain, and when its
temperature is above that of the middle zone the glazed
doors can be opened to admit the warmer air. The
concrete floors in the conservatory and in the middle
zone absorb and store direct solar irradiance, the sun”s
rays reaching into the middle zone through the roof and
the glazed wall. Overheating is controlled by manually
operated reflecting blinds that hang internally and
cover the windows and the roof of the conservatory. The
shutters between the middle 2zone and the conservatory
are reflective so that they shade the middle =zone.
Ventilation is achieved by opening a roof window at the
top of the sun space and cross ventilation is achieved
in summer by opening the sun space doors, the middle
zone windows and the north zone windows. In winter,
heat transfer is prevented from the middle zone)into'the
sun space by insulating shutters as Figure 1.1(b) shows.
The conservatory can reduce energy consumption to
62% of that of a standard house built under a strict
Danish energy saving code [4]. The cost of a
conservatory/sunspace 1is about £350/m2 if single
glazed without base, £570/m2 if double glazed without
base, and £1200/m2 if double glazed with base and with
low part wall. The payback period can be 1long in a

building designed for low energy cost. As an

12



Heating Season with Sun - Summer

Roof fini sh fibre
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Figure 1.1 A typical domestic house during heating season with
single glazed sunspace, insulating shutters and
infernal folding blinds [1 ].

Heating Season with No Sun

o5 2 f O %
.“? Windows_
g “ |\l closed
- dpShutters
Door Aflclosed V] _
shut | =

Figure 1.1b) The solar gain system ina domestic house
during no heating season [1 J.
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illustration a conservatory for the Danish building
illustrated in Figuré 1.1 costs from 90 000 Krones, to
150 000 Krones (£7500 - £12500) depending on size.
Conservatories, sun spaces, are generally well liked
by their owners, but more for the pleasant environment
created than for the energy savings promised.
Experience has shown, [5,6], that conservatories are
generally not operated correctly by the occupants.
Instead of thermally decoupling the system the space is

used throughout the year and energy savings in practice

are minimal. Another, perhaps more subtle, example of
mal operation is to cram the conservatory with plants
not realizing that their evaportranspiration will reduce

the sensible heat rise by roughly half, [7].

1.3 Thermal Storage Walls and Roofs

Thermal storage walls/roofs are distinguished from
direct gain systems by the fact that they employ a
thermal mass which is placed between the glazed solar
collection area and the interior spaces of the
building. The thermal storage wall then absorbs the
solar irradiance and distributes heat enefgy to the
interior of the building by conduction, convection and
radiation [1,2]. There are four common types of storage
walls/roofs, namely Trombe walls, water walls, water

roofs and transwalls. The transwall is still under

development.

13



1.3.1 The Trombe Wall.

The Trombe wall‘is so far the best known passive
solar storage system in which solar irradiance is
absorbed in a massive black painted south facing wall
located behind the glazing. Some Trombe”walls are made
from glazed built-on structures and some are an integral
part of the building [1]. Such storage walls are
typically 0.3 m - 0.45 m thick [1,2,3].

The heat transport-from the storage medium into the
interior of the room, or building, is by radiation and
convection from the interior surface of the thermal
storage wall and convection of room air through the gap
between the exterior face of the wall and the outside
glazing, via the ventilation ports at the top and bottom
of the thermal storage wall. The ventilation ports are
sized to about 0.06 m2/vent port/m run of wall [1]. A
typical Trombe wall is shown in Figure 1.2. ‘Trombe
found that roughly two thirds of the heat transfer to
the room is by conduction through the wall, and one
third is.by air circulation [2,8]. The long term
“collector efficiency”™ is around one third in the
heating season and less in the off-season [2].

Thermal losses incurred during the night can be
reduced by using either double glazing or single glazing
with thermal panels. An optimum coupling exists of
storage to space volume. Too small storage capacity
results in high storage temperatures and correspondiné

heat losses, and yet too large a storage capacity gives
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lower wall temperatures but results in the room
overheating [2,8]. .Overheating in summer can be curbed
by the use of overhangs, shutters, cross-ventilation and
a large thermal mass. But even so passive systems
generally require tolerance of higher temperature swings
in the 1living space than is norﬁal with a conventional
;system [2]. |
| The vents at the top and bottom of the wall increase
the overall performance of the wall. However, it is
essential that vent flaps prevent reverse flow otherwise

the overall performance will be less than if the vents

were not used at all [8].

The Trombe wall has some fundamental disadvantages
aside from having to form part of the building
structure. Trombe wall buildings are often ugly because
it is difficult to make attractive a large stretch of
black painted wall, and window penetration to the south
is necessarily minimal. Finally the highest
temperatures are generated at the surface facing the

window and so heat losses are maximized.

1.3.2 Water Walls.

Passive solar systems using water walls for storage
are among fhe most effective and economical
installations for natural heating and ventilation
[9,10,11,12,13,14,15].

The water passive solar system is conceptually

similar to the Trombe wall, except that it uses enclosed
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water instead of masonry or concrete. Water is usually
contained in metal tanks or glass tanks
(transwall-like), metal culverts, metal cans or in oil

drums [9]. The heat transfer into the interior of the

building is by radiation, convection, and circulation
within the tank yields a high effective conductivity.
Water is almost three times more efficient than masonry
for thermal storage per unit volume (the thermal

capacity of water is about 2 1/2 times, that of

concrete). It will typically costs only two thirds as
much as masonry for an equivalent storage.
The drawback of a water wall compared to a concrete

Trombe wall is that heat is lost evenly on both the

interior and exterior sides [10]. It is claimed that

the heat losses can be alleviated by using a selective
surface coating on the exterior of the thermal mass. A
selective surface coating [10] is a coating whose
absorptance for solar irradiation is high (0.90 - 0.95)
while its emittance for converted long wave radiation is
low (0.05 - 0.10). Such a surface is useful in solar
applications because there is very little overlap in the

wavelength rays between incoming solar irradiance and

emitted long wave radiation. A typical water wall -

retrofitted domestic house is shown in Figure 1.3. A
standard house with a Bainbridge water tank [9] can
for the

achieve a very good performance. Therefore,
house in question with 10% of the floor area of a

standard frame house in south facing windows and 19 to
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23 litres of water/square metre of south glass, full
cooling and up to 96% natural heating can be achieved
[9].

Water walls work best if the water containers are
placed directly in the sun behind a south facing
window. The tank should be painted flat black or very
dark brown or blue. The water wall may use a tank which
can be textured and painted to match the walls so it
becomes almost invisible. Rust is not likely to be a
problem for walls in most areas, but a water tank
magnesium anode, or appropriate inhibitors, can be added
to ensure that rust problems will not occur [9]. The
low temperature, lack of oxygen, and lack of water flow

in the sealed tank tend to limit corrosion.

1.3.3 Water Roofs.

Water roofs operate on the same principles as the
collector Qall except that solar energy transfer into
the room is primarily by radiation from the storage
ceiling [16,17,18,19,20]. A roof carries a shallow
water filled pond, about 0.2 m deep, either in tanks or
in plastic bags in thermal contact with a strong and
highly conductive flat roof and ceiling structure
[1,20]. Water bags sealed in clear polyvinyl chloride
are sometimes preferred.

Solar energy is stored in the water which in turn
heats up the ceiling. It is also necessary to insulate

the pond at night to prevent excessive heat loss, as

17



illustrated in Fiqure 1l.4(a) for a winter heating
operating mode. Aléernatively, the system can operate
as a passive cooling system in which water is exposed to
the sky by night and covered by day to shield it from
solar irradiation, while it absorbs heat transfer from
the room below. Figure 1.4(b) shows the system for a
summer cooling operating mode. Clearly a suitable
climate is required which has hot days and cold nights.
This is more 1likely to be found in inland or desert
areas than in coastal regions. The water roof is more
suitable for low latitude regions in which case the
collector aperture . = per unit volume ofléi;{ﬁgle
story house is high and impressive energy savings can be
achieved.

An example of a passive solar system based on the
principle of roof ponds, is the Cool Pool shown in
Figure 1.4(c). The Cool Pool [17] located in Winters,
California, U.S.A., 1is a passive cooling system
consisting of a shaded evaporating roof pond which
thermosiphons cool water into the columns located within
a building [18]. The thermosiphoning Cool Pool .does not
require moveable insulation and allows the roof pond to
be physically isolated from the building interior. Also
it does not introduce any additional water vapour into
the interior space, noting that evaporation is the
method of heat rejection [17].

Experiments performed to monitor the performance of

the Cool Pool showed that it 1is a powerful passive

18
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Figure 1.4(a)-A house naturally heated by use of
roof ponds during the winter heating
season for both day and night
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Figure1.4{b) A.house naturally cooled by use of
roof ponds. during the summer cooling
season for both day and night situations [ 2).
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cooling system that is capable of providing 100% of the
cooling needs of a btilding in many parts of the U.S.A.
[(1771. The system does not require daily attention and
operates without any supplementary power. The cylinders
(culverts) used for the Cool Pool duringvSummer can also

be used as thermal mass for a solar heating system

during the winter.

1.3.4. The Transwall.

The transwall is a visually transparent thermal
storage water wall which is placed in building areas
that receive direct solar irradiation. The wall
consists of modules of water filled glass, or plastic,
tanks held within a framework. Typically each module is
roughly 1 m long by 0.6 m high by 0.1-0.2 m thick and

has the appearance of a thin aquarium tank.

The transwall has a unique feature in that it
incorporates the aspects of both direct gain and storage
wall systems [21,25]. This hybrid phenomenon is
illustrated schematically in Figure 1.5. Typically 50%
of the incident solar irradiation is absorbed in the
transwall, 10-20% is transmitted as direct gain into the
room, and the remainder is absorbed or reflected by the
glazing and the frame structure. The absorption of the
solar irradiation through the water wall can be enhanced

by various means. A central "high iron" glass absorbing
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plate is used in some Ames¥ designs [22,23,24,25].
The addition of a "heat mirror" on the extericr facing
transwall module walls will reduce radiative heat losses
and enhance absorption. The advantage of a heat mirror
over the doubling glézing glass is that the solar energy
is reflected in the coating rather than heating up the
glazing.

The MERA design utilizes a water-dye to increase
absorption. The colour is not important thefmally but
most work has been done - using a dye, Lissamine
Red 3GX, which produces a pale magenta transwall.

Sometimes algae growth becomes a problem, and in
such cases the problem is eliminated by the addition of

100 ppm CuSO,, a common algicide, and 150 ppm disodium

ethylenediamine tetracetate (EDTA), a chelating compound
[25]. A copper sulphide‘solution, Copersafe, has been
successfully used in the MERA design.

In the MERA design, the transwall modules are formed
into a wall by locating them in a framework constructed

from 40 mm square mild steel box section. The modules

are secured in place by 75 mm wide facing strips and
each module can be removed separately. However, this
should not be a frequent necessity because the modules

are filled and emptied by a pipe system hidden by the

+ Ames Research Laboratories, United States
Department of Energy, Iowa University, Iowa
U.S.A.
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facing strips and controlled by concealed valves at the
base of the wall. Details are given in Appendix A.

The length and ﬁeight of the modules is a compromise
between weight, stress and a désire to minimise visual
obstruction. It is believed that an empty mass of 50 kg
is the maximum which can be reasonably handled by two
peréons, the height is limited to 0.6-0.7 m by the glass
stresses, and the thickness by thermal consideration.

This results in a length of 1.2 m.

1.3.4.1 Transwall Review.

Research on the transwall passive solar system has
been carried out over the past decade by researchers on
both sides of fhe Atlantic. Most of this work has been
undertaken at Ames Research Laboratory - United States
Department of Energy (USDOE), of Iowa University, iowa,
U.S.A. [21-25]. |

J.R. Hull and J.F. McClelland and co-workers [21]
used a mathematical model of few nodes to study the
effect of Ames design parameter changes on the
performance of ‘a transwall passive solar heating system
for different climates. The Ames transwall -design
parameters varied are: collector area to building load
ratio, transwall thickness, transmittance of the
absorber plate, and the amount of internal mass. Their
results. suggest that module thickness and absorber
plate transmission can be varied substantially without

significantly compromising the system”™s thermal
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performance. Their preliminary‘estimates of the Nusselt
number of the free .circulating water in the module
suégest that wvertical temperature stratification tends
to reduce the horizontal convective heat transfer within
the transwall. An increase in water thickness beyond 10
cm gains very littlerin the Solar Savings Fraction
(sSF)* and their model was found to be relatively
insensitive to the Nusselt number of the water cavity.
Their analysis was based on a Nusselt number of 2.5.
However, the results by Paparsenos [26] for a continuous
radiation input of about 400 to 500 W/m? showed a
higher effective conductivitywhich was compatible with a
Nusselt number of 20. This is supported by the work of
this thesis.

Preliminary analytical results by Fuchs and
McClelland [22,23] indicated that the thermal
performance of an Ames transwall can be improved by the
use of baffles and/or a gelling compound to eliminate
the internal convective heat transfer. This conclusion
is based on the argument that if internal convection is
eliminated, and solar absorption confined largely to the
centre of the wall, or to the interior wall, the
temperatures of the exterior facing wall will be

minimised and thus a major source of heat loss reduced.

+ The SSF is defined as:-

auxilliary heat required with solar

SSF = 1~
heat required without solar

22



Paparsenos [26] on the other hand reckoned that the use
of baffles 1s a difficult and uneconomical venture, and
inétead- recommended the use of gelling agents such as
Cburtaulds Courlose F1000G ana Celanese Celanol HA7Y
1500008. |

These compounds have been tested at the Mechanical
Engineering Research Annexe (MERA) of the University of
Glasgow and showed the former compound to have an
advantage over the latter because of clarity. ‘However,
there are problems associated with the use of these
compounds. They encourage itkle growth of
micro-organisms, and the long chain molecules in weak
solutions have been observed to contract over several
weeks, leaving the ‘lower regions sdmewhat opaque.
Paparsenos [26] suggested that solutions stronger than
0.5% (kg of agent/kg of water) tested might alleviate
this problem, but unavoidably at the expense of visual
clarity and additional cost to the system.

Subsequently it has been found that a 0.05% solution
of Carbopol 941 (Goodrich Chemicals) eliminates water
circulation and does not impare visual clarity.
However, its long term performance under strong
irradiation has yet to be determined. It is emphasized
that the prevention of water circulation is important to
the Ames design of transwall, whereas in the MERA
version of the transwall using a water-dye solution
water circulation is not inhibited.

McClelland, Mercer et al. used a computer model [25]
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to investigate the use of a'transmitting selective
coating, dubbed a "heat mirror" on the exterior face of
the transwall modules to reduce radiative heat losses,
and also the effect of moving 4the absorber plate from
the centre to the inside tank wall. The latter design”s
main objective was to simplify the tank design, lower
the cost and hence improve the transwall appearance.
Their investigations revealed that the change in
location of the absorber plate marginally improved (1%)
the transwall thermal performance. However, the
addition of the selective coating redgced the auxilliary
building heating required by 50% with dpuble glazing,
but could not compensate for the replacement of single
outside glazing for double glazing. In addition, the
" heat mirror produced a higher predicted performance
improvement than moveable night insulation or the
glazing.

R.Fuchs and J.F.McClelland of Ames [22] using a
thermal network model compared the thermal performance
of transwalls to that of Trombe walls and direct gain
systems. They found that the transwall thermal
performance can be very close to, or exceeds that of
Trombe wall and direct gain systems when operating under

similar conditions.

Sodha et al. [27] used a periodic analysis method,
rather than finite difference, to examine the
performance of a transwall which contained methyl

methacrylate as the absorbing material. The wuse of
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methyl methacrylate by Sodha et al. is surprising
because it would .diffuse into the water, but a
(pély)methyl methacrylate on the other hand would be
understandable. Their conclusién for winter operation
was that the (poly)methyl methacrylate, Perspex, should
be 9 cm thick if it formed, in effect, the outer face of
the transwall, and ié it was located in the water cavity
then it should be positioned closer to the outer rather
than the inner face of the wall. The cost of such a
slab of Perspex must be considerable.

Nisbet and Kwan [7] of Glasgow University used a
computer model to analyse the energy savings resulting
from the use of plastic film transwalls in horticultural
glasshouses. They found that energy cost savings of
15-20% could be achieved depending on the uncertain
effects of evapotranspiration. The payback period is
predicted to be about 2 1/2 years to 5 years for the
west of Scotland, and 4 to 8 years for the southeast of
England. The range of payback times depends on whether
the modules were self constructed or purchased.

Greveniotis [20] analysed the performance of a
transwall module using a lumped system approach
(infinite conductivity). His conclusions were that the
lumped system can predict the temperature rise within an
error of approximately 20% for a glass transwall, and
with an error probably substantially lower for the
plastic film transwall developed by Nisbet and Kwan (7]

for glasshouse installations. Greveniotis further
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developed and validated a cohpute; programme for the
two-dimensional absorption of irradiation in the
transwall. This forms part of a larger programme that
models the phenomena within ﬂhe transwall wusing the
finite difference method and the concept of effective

conductivity, the thrust of this current research.

1.3.4.2 Ames Transwall versus MERA Transwall.

This discussion would be incomplete without reference to
the differences between the transwall prototypes
pioneered by the Ames Research Laboratory of Iowa
University, and that used by the Mechanical Engineering

Research Annexe (MERA) of Glasgow University.

The Ames computer models were limited to
one-dimensional analysis, few nodes and constant
absorption, i.e. the aﬁbrption did not vary with solar
position. At MERA, both the one-dimensional and
two-dimensional analyses with a considerable number of
nodes have been used. The absorption is taken to vary
with solar position.

Both designs use mbdules of roughly similar size,
1.2 m long x 0.6 m high x 0.15-0.18 m overall
thickness. The physical differences as shown in Figure
1.6 are that the Ames transwall modules use either a
solar absorbing glass plate at thé centre or forming the
rear wall to absorb a fraction of incident solar energy,
and store the heat energy in the surrounding water. The

absorber plate, or wall, is a 3.2 mm, or 6 mm, thick
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grey tinted high iron glass [21-25]. The MERA
transwall, on the other hand, is more simple. It uses
plain 10 mm glass plates forming the front, the rear and
side walls of the transwall moduie, and uses a'water~dye
solution £o enhance absorption. The 10 mm glass
thickness of the MERA module is considered the minimum
for reasons of safety if the tank is not to be
reinforced with a 1lid or upper cross strapping. The
final Ames version uses 6 mm glass with a reinforcing
1lid which must always be fitted when the tank is
filled. This may be acceptable in a laboratory
situation but it is not for domestic employment. The
original MERA module was constructed from 6 mm glass and
in a safety test it was filled without its reinforcing
lid. The resulting bowing of glass when half full
caused the test to be abandoned abruptly. An équérium
manufacturer claims that a 10 mm tank is considered
"child proof", and a 10 mm transwall module in a test
cell at MERA survived a vehicle impact which moved the
substantial cell 0.2 m reérwards.

The Ames transwalls sometimes use the transparent
baffles to inhibit circulation in order to increase
their performance. Inhibiting water circulation will
not improve the performance of the MERA water-dye
modules because the bulk of the absorption is in the
first few centimetres of the water. A disadvantage of
the Ames method of enhancing absorption is that it is

fixed i.e. the transmission is 12% in summer and
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winter. This is too low for a dull winter”s day. The
MERA system of using a water-dye is more flexible in
principle because the transmission can be varied from
50%, clear water, to =zero if nécessary. The colour is
not important thermally, only the transmission.
However, some colours are best avoided, e.g. green gives
a bilious effect and it 1is unsuitable fbr plants.
Magenta transmits the wavelengths required for plant+
growth and generates a warm feeling, blue imparts a
feeling of coolness. Even a tartan transwall is
technically feasible and it might have advertising
merit.

Most of the transwall modelling work undertaken by
Ames uses a ~quenched” transwall i.e. a model in which
there is no air circulation in the air gap between the
outside window and the front glass plate of the
transwall. The Ames researches reckon that preventing
circulation over the transwall increases the Solar
Savings Fraction (SSF) from 76% unquenched to 88% when
guenched [22,23]. Because the Ames transwalls have
either a central absorbing plate or a high solar
absorbing plate forming the room side of the transwall,
Ames claims that with this arrangement the window side
temperature is reduced and consequently the heat loss to
the window is also reduced. This argument is regarded
with skepticism at MERA because of the high absorption
of infra red radiation in the first few mm of the water

path length. Ames later improved their system by
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removing the central absorbing plate and replacing the
inner transwall glass by a high absorbing glass. While
this arrangement of Ames gives a 10% higher heat release
to the room than the MERA versién because of the reduced
heat loss to the window, computer simulation runs
carried out at MERA indicate that the heat release 6 pm
to midnight is actually 30% less with the Ames system
than with MERA system. The merits of air and water
circulation are elaborated in Chapter 4.

The Ames transwalls are more expensive than the MERA
version. The typical Ames transwall costs, about
£150/m2 ($270/m2 by 1981 estimates) for a transwall
made from 6 mm glass. The purchase cost of a MERA
transwall module in 1988 was £35 imported glass which
leads to a cost/m2, including the frame, of £75.
Estimating the U.K. cost of an Ames type transwéli is
complicated by the fact that imported cheap clear 10 mm
glass is readily available but solar absorbing glass
less so. Based on the relative costs of 10 mm
Pilkington float glass, £32/m2 clear, £60/m2 Antisun
Grey, then the Ames design will increase module material
costs by about one third. Hence, the MERA is cheaper

than Ames prototype.

1.3.4.3 Transwall compared with other Systems.

(a) Direct Gain Systems.

Aside from enchanced heat losses, direct gain

systems suffer from two further disadvantages; excessive
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irradiation penetrating the building and the lack of a
storage medium other than the building fabric. The
océupants of such systems tend to fit blinds to reduce
the glare and photodegradation'- of the fabric and, of
course, by so doing circumvent the system”™s operational
principle. The lack of thermal storage leads to
overheating by day, and this problem is exacerbated by
the current trend towards lightweight building
construction. In contrast, the MERA version of the
transwall allows a variable transmission of 1light,
10-50%, into the building interior with an almost total
absence of phot%ﬁrading UV irradiation because it has to
pass through a total of 32 mm of glass. The transwall”s
thermal capacity is relatively high, equivalent to a 40
cm concrete wall, and so day time overheating is
avoided. Thus the transwall has the advantages'of a
direct gain system, good views, light airy feeling etc.
without its attendant disadvantages.

It is possible to instal a transwall in a
conservatory with the purposes of providing extra, or
alternative, thermal storage and reducing glare.
However, the thermal decoupling of the conservatory 1in

winter would make this a dubious economic prospect.

(b) Storage Walls

Trombe Wall.

It has been noted [21] that the most important

difference, in terms of thermal performance, between the
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transwall and the Trombe wall; is that in the former
case most of the solar energy is absorbed within the
wail, not at the front surface facing windows which
leads to higher heat losses. Fﬁrther, the room is also
heated directly and illuminated by the transmitted
fraction of solar energy, 12-40% as in direct gain
systems. The transwall is lighter, transparent and more

architecturally appealing than a large stretch of black

painted massive wall - the Trombe wall system.

Water Wall.

The lower cost of the containment and structure
gives an economic edge to the water wall over the Trombe
wall and transwall. Like the Trombe wall the water wall
suffers from not being visually transparent and
difficulty in making it an attractive feature.
Disguising the water wall as Doric columns was not found
to be cost effective because their thermal mass was

small compared to that of the house [28].

Water Roof.

The trénswall and the water roof should be seen as
mutually exclusive systems rather than as rivals 1i.e.
‘use the transwall for higher latitudes, the water roof
for lower. If the site 1s 1n nuddie latitudes, the
building 1s of single story construction and the climate
is suitable,;then the water root 1is likely to outpertorm

the transwall bpecause of 1ts superior thermal capacity
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to space volume ratio and its superior capacity for

cooling.

1.4 Conclusion.

The Transwall passive solar system overcomes a
number of drawbacks associaged with conventional passive
solar systems such as Trombe wall and direct»gain
systems, in that, it admits light to the room and allows
the occupants to see through the window with minimum
glare, photodegradation and overheating problems.

It is believed that the MERA version is superior to
that of Ames on the grounds of superior performance when
most required, low cost and flexibility in 1light
transmission.

It remains to be seen whether the Transwall will

compete successfully in the market place against alfeady

established conventional systems. The transwall cost,
its overall performance and durability will be the

deciding factors.
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Chapter 2

The Development and Validation of the One-Dimensional

Computer Model of the Transwall.

2.1 Introduction

The chapter is concerned with the development of
one-dimensional computer ﬁodels of the temperature
distribution in the transwall. These were used as a
basis for the two-dimensional model. The models .apply
to a full size transwall module, solar,irradiated, and
to a smaller module irradiated by a solar simulator. An
outline of the computer models is given and the means by
which water circulation and boundary layers are
represented. |

The solar simulator is described together with the
way 1in which some of the prdbléms aséodiated with
spectral emittance from the lamps was tackled. The
various experimental runs inQolving the small transwall
modules are detailed and compared to the predictions of
the computer models. - Some experimental details are
consigned to the appendices; solar simulator, B,

transwall irradiation absorption, C, and thermocouple

calibration, D.

2.2 Water Circulation in the Transwall.

Heat transfer within the transwall falls into the

category of free convection in enclosed spaces, a
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general classification rich in papers. Unfortunately,

many of these apply to heat transfer between isothermal

hot and cold walls which is not the situation for a

two-dimensional transwall. Most reported work has much

higher temperature differences between the walls than
applies in the transwall .case, and few reports take into

account the driving force of radiation absorption

throughout the circulating medium. No papers have been

found whose analysis can be applied with confidence to

the specific case of the transwall.

In a conventional vertically enclosed volume in

which heat transfer occurs ) .
adiabatic
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where Gr = local Grashof number

L
g = gravitational acceleration
L = distance between plates
Ty = temperature of isothermal hot surface
To =  temperature of isothermal cold surface
Vv = kinematic viscosity
B = volume expansion coefficient
Ra, = local Rayleigh number
Pr = Prandtl number

The bounding limits suggested by various experiments

are: -
Conduction Regime
Ra < 103 Holman [29]

*

Ra " < 103 MacGregor and Emery [30]

Asymptotic
Ra = 103 - 3 x 104 Holman [29]

103 < Ra,  MacGregor and Emery [30]
4x104 < Gr < 3x10® Newell and Schmidt [31]

Laminar

Ra < 106 Holman, Ra < 106 White [29]

3x104 < Ra < 3x10°® MacGregor and Emery [30]

* Raﬁlwhere subscript, w, denotes the width of the
cell.
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Transitional

Ra < 106-107 ~Holman, Ra=107 White [29,32]

3x106 < Ra_ ¢ 10/ MacGregor and: Emery [30]

Ra 1.3x102 - 2.2x10° Landis discussion in

Dropkin and Somerscales [33]

Turbulent Regime

Ra > 107 Holman, 107 White [29,42]

Ra > 107 - MacGregor and Emery [30]

Ra > 107 Emery and Chu [34]

Ra > 5 x 109 Lankhorst [35]

5x104 < Ra Dropkin and Somerscales [33]

(non enclosure)

On the evidence presented in the above papers it is
likely that the scatter in regime limits is due mainly
to excluding the effect of the aspect ratio of the
enclosure in the Rayleigh number. A secondary source of
scatter may be the inclusion of high Prandtl number
fluids in the correlation. This is unlikely to affect
the transwall water with its Prandtl number of around 7.

Webb and Viskanta [36] have examined by computation
and experiment radiation induced buoyancy driven flow in
a rectangulér enclosure 4.8 x 14.5 x 4.1 cm wide which
+is much smaller than even the small transwall modules.
The cell contained water and was irradiated by quartz
halogen lamps through glass vertical walls. The wall
temperatures were similar to that expérienced in the

transwall. Interferometer measurements showed that the
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boundary layer at the cooled wall was very thin, much
less than expected. 'The circulation was modelled by the
conventional mass, momentum, energy balance and the
Patankar technique [37]. Difficulty was experienced in
modelling water temperatures close to the glass because
of the limitation on the number of nodes. It was found
that most of the heat transfer within the cell takes
place at the top of the cooler wall, where the rwarm
fluid first meets the wall, and heat transfer is low at
the bottom of this wall. Thus heat transfer at the
cooler face is a distinctly two-dimensional affair. The
aspect ratio of the cavity seemed to have little effect
on the final result. It was noted that radiation
induced buoyancy flow does not exhibit some of the
characteristics of hot wall induced flow. In particular
the flow loses completely the centrosymmetry
characteristic of the latter flow.

Lauriat [38] carried out a numerical analysis of
irradiated gray gas trapped between hot and cold
isothermal walls. His results were compared with
publishedAexpefimental data. Like Webb and Viskanta
[36] he found that the classical centrosymmetry of
non-irradiated flow is destroyed by irradiation and the
aspect fatio has little effect.  He reports that the
radiation delays the onset of instébility in a slot.

The flow regimes in a transwall have been examined
by injecting small quantities of milk into the boundary

layer. Milk has the advantage of a density close to
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that of water and it does not diffuse as rapidly as some
dyes. It will, of ‘course, absorb more radiant energy
than the surrounding water. The movement of the milk
streaks suggests that the boundary layer is laminar and
evidence of turbulence was not observed. The down flow
on the rear wall tends to migrate very slowly to the
centre showing that the normal core of a non-irradiated
enclosure 1is destroyed. The Rayleigh number for the
transwall based on the thickness, 0.16 m, and the glass
wall temperature difference, 1is in the region of 108.
This places the boundary layer flow for a non-irradiated
enclosure in the transitional/turbuleqt regime.
However, the observed laminar flow seems to confirm
Lauriat™s contention that irradiation delays the onset
of instability. As a consequence correlations for the
Nusselt number required to model the temperature drop
across the boundary layers in the transwall have been

chosen as appropriate to a laminar flow regime.

2.3 The One-Dimensional Computer Model of The

Temperature Distribution in a Transwall Module.

2.3.1. The Concept of Effective Conductivity.

It was found that the running time of the computer
program modelling transwall velocities and temperatures
developed by Paparsenos [26], employing the fundamental
approach of balancing energy, momentum, mass, Wwas

excessive when run on a mainframe computer to the extent
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that 1 second real time took 200 seconds computer time.
Thérefore, it was believed that the problem could be
solved by using the concept of effective conductivity;
i.e. the normal thermal conductivity of the water is
increased by some factor to represent circulation and
the water, or water/dye solution, is taken to be at
rest. The Fourier equation can now be applied to this
situation and the temperature distribution found by
solving the equation by the method of finite
differences.

The Nusselt number represents the ratio of
convective to conductive heat transfér and hence, the
effective conductivity between two walls 1 and 2
separated by a fluid can be expressed as a Nusselt

number as follows:

, 1 2
hL ' |
Nu = ?
K ; 3
e f 1
»é 3
and g = h A (Tl_T2) 4 ';
E 7 1
= kg A(T3-T) | i
L 4
where
h = convective heat

transfer coefficient,
wall-fluid

A = gurface area
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ke = effective

conductivity

= water thermal

conductivity.

The Nusselt number can varf’between 2 and 30,
depending on such factors as stratification,
absorptivity and aspect ratio. The effective
éonductivity correlations adopted for the present

transwall situation are those given by MacGregor and

Emery [30] as;-

0.42 Ra1/4Pr0'012(H/L)"1/3

Nu =

where Nu = Nusselt number
Ra = Rayleigh number
Pr = Prandtl number

"H/L= aspect ratio

This correlation was chosen because it was believed
“to model most closely the behaviour of the transwall

situation.

2.3.2 The One-Dimensional Explicit Finite Difference

Method: Surface Contact Resistance Model.

The one-dimensional explicit finite difference
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method of treating the Fourier equation was used to
develop a compuéer program to calculate the
one-dimensional temperature distribution within the
small transwall module. The program also had to cover
the case of the full size module sdiar irradiated
through the window of a solar test cell. It is the
latter case for which the method is deveioped here. The
explicit method of finite differences is preferred here
to the implicit method because it 1is better able to
handle the potentially large number of equations
[39,40], and so reduce fhe computer running time. It is
believed that this factor is more important than the
larger time interval permitted by the implicit
solution. The explicit time interval used was 25

seconds which gives a short computer running time.

2.3.3 The One-Dimensional Explicit Finite Difference

Equations for the Transwall Module

Consider the transwall module with the following
slab divisions: 4 x half-glass slabs, 2 x half-water
slabs near the glass/water interface, and 5-full water
slabs in between the water half-slabs as shown in Figure
2.1. This arrangement constitutes 8 full slabs; 6 water

slabs and 2 full glass slabs.
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Fi'_g.ure 2.1 The vertical direction slab division of the
Transwall Module,

Nomenclature:-—

Ty = air temperature in window/glass gap
T, = room temperature

Tq2 = window/glazing temperature

fg = convective heat transfer coefficient,

S front glass to window
heat transfer coefficient, rear glass

h =

ris :
to room, convection and radiation,

oh¢ ‘= surface contact heat transfer
coefficient, outer glass to water.

ihe = surface contact heat_transfer '
coefficient, inner glass to water.

hr = linearized radiation heat transfer
coefficient

a = water slab thickness.

o = fractional absorption, nth slab

I\7 = incident irradiation after pass1ng

8v through glazing - window/unit area of

transwall surface.
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The governing Fourier equation is given by;

oT k 02T 92T 92T qg
— =— |- + + + —
ot pc L 0x2 Ody? 0Oz2 pc

For a one - dimensional system, the following conditions

apply:
(i) uniform temperature in the vertical z-direction,

02T
0z2

-0

(ii) ‘uniform temperature in the y-direction,

32T
— =0
dy?2
‘ oT k 92T qg
Therefore, —_ = (— ) + —
ot pc Ox?2 ec
32T pTpyy + plnoy = 2pTh
a2

and
: Ox2
The volumetric heat generation, dg; becomes the volumetric

irradiation absorption, evaluated in Section 2.4.
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(1) Water Slabs.

(i) Consider n-full water slabs; Node (n“h), n=4,5,....N-3
p+1Tn'ﬁTn ke 02T Ingwan'l
= +
6t puCy Ox?  a.l.pycy,
ke INT gwtn
i (an+1+an-1’2an) e
a?py,cy ‘ apyCw

1 a
“optiTp = wa[an+1+an—1+{—_‘ - 2}an+ — IzNTgwln
’ wx ke

koot
Fyx = ——— , the Fourier Number.
aZp,cy,

where
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The stability criterion for the explicit method

requires that the fhnction of the current temperature

remains positive, i.e.

This stability criterion is noted but not recorded

for the other equations developed.

ii) Water 1/2 - Slabs

L.
—

q .
/ ATb

/

ANANNN\Y

AN
TR
AN

It was observed that the experimental temperature
distribution had the above form. In order to represent
the temperature change, AT,, over the boundary layer
which is relatively thin (circa 7-8 mm) it was decided

to represent AT, change as a form of ~contact

resistance”, though recognizing that there is no factual

temperature drop at the water surface plane.

q
ATp = —
hC
where q = heat flux across the boundary/m2
hc = surface ~contact” heat transfer

coefficient

The correlation for the surface heat transfer is
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given by Bayley et al.[41], and can be expressed as:-

Nu, = 0.508 Pr1/2 (0.952 + Pr)~1/4 Gr,1/4

where Nu_ - j1ocal Nusselt number at midpoint
Pr = Prandtl number
Gr, = 1local Grashof number

In the case of the present study it was found that
the surface contact heat transfer correlation to the
l/4-power gave better results thgn the 1/3-power
suggested by other researchers [33,42] under slightly
that the flow

different conditions. This confirms

regime in the boundary layer is laminar.

(iii) 1st Water 1/2-Slab: Node (3).

C
(pT2=pT3)~(pT3-p

p+,T3—pT3 2k, [a oh Ithwaa
T,) ¢+

ot azpwcwl ke PwCya/ 2

a ohg 1 a oh,
+ paTs = 2Fy | (€ )pT2+PT4+{— - - l}st

.........
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Similarly,

(iv) 2nd Water 1/2-Slab; Node(N-2).

a ;hg - 1 a jhg
p N—1+pTN—3+ - -
2F ke

pr1IN-2 = 2Fyx |( 'l}pTN-z
e

a
-+ ;‘ IATgwaN—z]

e

(2) Front Glass Slabs.

(i) 1st Glass 1/2-Siab; Node (1). )

T,-,T 2k h
pr1tiTph g [6 ffs g
= - { (pT1‘pTa)‘(pT1'pTz)+ - hr(pTgw‘pT1)
ot 8°pgcgl kg kg
INT g,
o —_—
pgog8/?
| & fhs ghy 1 g fhr ghy
8 g 8% r:4 8
} : ]
- 18T+ — Iy7 1
P kg e (2.4)
kgot
where ng = , the Fourier Number.
8%0gCy
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Similarly,

(ii) 2nd Glass 1/2-Slab; Node (2).

8 ohe 1 8 ohe
p+iT2 = 2ng (—— ) pTatpliHi— - - 14T,

kg 2F g

g
+ — IxT 2]
k g

(3) Rear Glass 1/2-Slab: Node.

(i) 3rd Glass 1/2-Slab; Node (N-1).

g ihe

1 g ihe
p+1TN—1 = 2ng ( )pTN—2+pTN+{"_ - - 1]pT -1

2F k

kg gx g

g
+ — I)\TgwaN-1]
kg

and,

(ii) 4th Glass 1/2-Slab; Node (N).

g rhs 1 g rhs
p+ITN = 2ng ( " )pTr+pTN-1+ ;;— - " -1 pTN
g 8X 8
g
+ — INTguoy
kg ........
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2.4 The One-Dimensional Computer Model of the

Irradiation Absorbtion In the Transwall Module.

Consider the full size transwall module divided as
shown in Figure 2.2. The incident irradiation is
divided into wavebands;

0.3 - 0.35, 0.35 - 0.4, 0.4 - 0.6,

0.6 - 0.75, 0.75 - 0.9, 0.9 - 1.2,

1.2 - 2-1' 2:1 - 401 Pmo

Man a2 o n
SALATARNSY

{

TXETTNYT
ARRAS NN SS

ERN

AN

v

WIREEY,

W Tk

Figure 2.2 The Transwall Slab Divisions.



Nomenclature:

Note, all extinction coefficients apply to one waveband.

Tg}
where Kg
and g

Tgw

Tw
where K,,

Ly

Pg
Pw
I1
I

Kg 8/2 = transmittance of glass }-slab

extinction coefficient of glass,
path length (glass)
transmittance of window/glazing

-K .
e v Ly _ transmittance of water

extinction coefficient of water

path length (water)

reflectance, air/glass

reflectance, water/glass

incident irradiation

1'(1-p)?2 Tgw > beam irradiation falling on the
transwall after passing through window.

the nth slab where In = N

the total number of all i-slabs (glass and water),

and 5 full water slabs considered here.
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241

Outer Glass Slabs (Window_Side).

b (oegdirdy oy,
. (I—Pg)(l-Pw)pw 1T§% T%V

(e T g ip) g 7h vy

=T

5
6
1. (1-pg) 17g1(1-py)py, 73
8
9

Figure 2.3 Outer glass 3-slabs, window side.

Irradiation Radiation Energy Radiation Energy

Absorbed in Slab Input Output

(a) Beam Irradiation Absorbed By 1st Glass Quter 1/2-Slab.

Irrad.
} = I[I‘Pg'(l'Pg)1Tg% + (l—pg)17§% pw(l—1rg%)
absorbed '
+ (1-pg)733(1-py) Py 73 (1-17g3)
+ (l—pg)(r%%(l’Pw)z 2T§% pg T%l (1-1Tg%>
Rearranging,
Irrad.
} - 1(1-pg) (=7 gp[ 1,735 {pw 17+ (1-Pypy 7 1753
absorbed

t 1Tgy (1-py) 2 Pg TG 2T§%}]

.........
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(b) Beam Irradiation Absorbed By 2nd OQuter Glass 1/2-Slab.

Irrad.
} = I[(l_pg)ng% - (1—Pg)17§%(1‘pw) = (1‘Pg)1T%% Pw
absorbed
+ (1-pg) 1751(1-py)oy 7§ (1-17g1)
+ (1-pg) 1 733(1-py) % pg 7§ 7 E1(1-17g1) ]
Rearranging,
Irrad.
: ] = I(l‘pg)17'g%[1'9w 1"';% —(l—pw)ﬂ'g%
absorbed

+H(1-p,) (1-173) 173 73 {Put(1-p)Pg 57331} ]
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2.4.2 Inner Glass Slabs (Room Side).

Ly 12 ¢
P>: : )4‘3\1 (l—pg)17§% Tw (1=py)
- .
sl j 2 Umpg)iTgy Tw 27g3A7pw)”
- r ] y 3 (-pg)? 1Tdy 27Ey Tw (7Pw)?
/]
x 1 etk s e G b
-— /]
s E | g 5 (I-pg)? 1733 2731 Tw (1-ew)? pyg
4 | =
/ /T' 7" 1 O
o2 ase 4

Figure 2.4 Inner glass ’%‘—slub.s, room side.

(a) Beam Irradiation Absorbed By l1st Inner Glass 1/2-Slab.

Irrad. .

} = I(l'Pg)ﬂ:‘é%(l'Pw)'fw [(l'pw)—z'rg%(l'pw)
absorbed

+ pg ‘2T§%(1_pw)(1-27'g%)]

Rearranging, '
Irfad.

} = I(l—pg),‘r:‘é%(l—pw)2 Tw[l—21g% tpg 27%%(1'27g%)]
absorbed

(b) Beam Irradiation Absorbed By 2nd Inner Glass 1/2-Slab.

Irrad.

] = I(l‘Pg)1T§5(1'Pw)Tw[ 2Tgh ~ (I‘Pg)zT:‘é%
absorbed

- pg 2734 1(1-py)

Rearranging,
Irrad.

} = I(l—pg),Téﬁ(l—pw)2 2Tgh Tw [1 - (I-Pg)zTg% - Pg 272%]
absorbed
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2.4.3 Water Slabs.

123 n
R L {
4
//
==

i
1

(a) Beam Irradiation Absorbed By 1lst Water 1/2-Slab.

-\\\§Ll‘\~‘\~ |
32 ‘\\ﬂ~*f~ 1 (=pg) 73y (1=py)
s 1 |
/c?/ fa VA (1_Pg)17§% Tw Tllv Pw (1'Pw)
[ ”6 )
*"g’ﬂ_ 3|3 - 3 Qeeprdy w mh (Tew)? 2dy P
.’/
..4/2. |
‘ ,5--%-_..
g - LW
a
)

Figure 2.6 T, = e“Kw(Lw_‘ 20 8 = K2

Irrad.

= I[ (1-pg) 731 (1-p,,) {1~
absorbed } [ Pg ‘18%( pw){ wa}
+ (1-pg) 1 723(1=py) 74y 78 Py {1-743}

+ (-pg)7g3(I-p)? 7y 7 pg 2784 {1-7 41}

54



Rearranging,

Irrad. ) 1
} = I(l-Pg)17§%(1'Pw)(1’7w§)[1 + 7y 7 {Pw
absorbed )

+ Pg(l“Pw)zTgé}] ..... (2.12)

(b) Beam Irradiation Absorbed By 2nd Water 1/2-Slab.

—]1 %
T 1 e G
4
’f’—’;z;é 2. (l—pg)17§% (1‘pﬁ) Tw Pw
P 4
E=T] B3 gy Goet rw iy g
E P 4
' AR
vV co
A==
a 7
-2
—Ly /
| K, 5
Figure 2.7 Ty=e ™2

Irrad. }
= 1[(1-pg) 1 723(1=py) 7 {1-7yy)
absorbed g7 &k ?
+ (I’Pg)17§§(1‘9w) Tw Pw {I'Twé}
* (A-pg) 1723 (1-p)® 7y pg o7gy {1-Twy}
Rearranging,

Irrad.
} = I(l‘Pg)lTég(l'Pw)(l-wa)[fb + 7y { Py
absorbed

+ (I-pyeg 278331 ... (2.13)
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(c) Beam Irradiation Absorbed By n-Full Water Slabs.

Corsider the n tIt slab below;

[

EE ) ) :::::32 1. (lfpg)(l‘Pw),Tg% T
g ///—;//- Z.A(l_Pg)(l_pw)TW Py T¥L11 17'g2
/// ). (1—pg)(1“Pw)2 1T§% 27§’§Pg x
] . Tw T
[¢¥]
| 5
E-
a
v _ K, (n-35)a __m K, (N-n-25)a
Figure 2.8 T,;=e ™ ™ 5T;=e"
o o Ky,8
- W
and ’T\;IS— e
Irrad.
= I[(1-py) ,721(1-py) 7! {1-7
absorbed } : g8t w o us}
+ (1-pg)17%4(1-py) 74" Py Ty {1-7ys}
+ (l‘pg)17§%(1’9w)2 W' Ty Pg 2725{1'7ws}
Rearranging,
Irrad.
} = I(1—pg)11§%(1—pw)(l—Tws)[Tb‘ + 1y 75 { Pw
absorbed
+ pg(l-pw)zrg%}] ...... (2.14)
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2.5 Experiments and Model Development.

Experiments involving the solar simulator and the
small transwallﬂmodule were carried out as tools to

develop the main computer model. The simulator was used

to irradiate the small transwall and consequently it was
necessary to check the uniformity of the simulator

irradiance. The details of experiments are discussed in

this section.

2.5.1 The Solar Simulator.

(a) The Simulator Description.

The ability to control the experimental parameters,
particularly irradiation, proved to be invaluable in
developing the computer model. To this end a solar
simulator was used to irradiate the small transwall
module (24;5 x 19 x 7.5 cm) in a temperature controlled
laboratory. The solar simulator at MERA was constructed
by Paparsenos [26] according to the suggestions given by
Yass et al. in NASA Report N74-27719 [43].

The simulator_is shown in Figure‘2.9. It consists
of twelve 120 V ELH Quartzline tungsten-halogen
projector lamps with dichroic reflectors behind
corresponding twelve Fresnel lenses. The lamps are
mounted on an 0.3 cm aluminium sheet, 75.9 x 75.9 cm
with a 4.4 cm diameter holes for the lamps. The
hexagonal fresnel lenses are mounted on a 1.8 cm plywood

board, 75 cm by 75 cm. The mounting sheet and board are
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Figure 2.9 The Solar Simulator.

57a



parallel to each other and can be varied by four
threaded rods with accompanyinc washers and nuts. The
diétance between the lamps and the lenses was 27.6 cm in
order to produce a reasonably.parallel beam from the
lenses. The lamp mounting sheet is held on a Handy
Angle frame by two threaded rods of 1.9 cm diameter
which allow the lamp—lenswﬁounting sheet/board to pivot
on the frame. This enables the simulator to irradiate
at various angles of incidence. The Handy Angle frame
is equipped with four wheels to enable it to be moved
from one position to another. It can also be secured in

position by means of four jacks.

(b) Power to the Solar Simulator

The power to the lamp unit of the solar simulator is
supplied by a triple-—-ganged Variac transformer. The
transformer output is kept between 105 and 120 volts.
The lamps ére cooled during operation by an air supply
provided by two 0.5 hp centrifugal bloweré through a
distributor over the back of the lamps.

The transformer is essential for starting up. The
resistance of the lamps is very low when cold, and if
the full 120 V were suddenly appliéa the lamps would
explode. It also allows different voltages as a
secondary task and it improves the 1life of the lamps.
The lamp life is given as 35 hours at 120 V, but well
over 100 hours can be achieved by running at 105 V. The

lower voltage, however, substantially changes the
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spectral energy distribution'of the simulator. In
practice, lower voltages tend tc shift the maximum
speétral irradiance to the infrared. (>1pm). Figure
2.10 shows the 90-, 105-, and l2b-V spectral curves [43]
which are normalized so that the areas under the curves
are equal (75.7 mMchZ). Inspection of the curves

confirms the expected spectral irradiance shift.

(c) The Lamps/Lenses Arrangement

The lamps/lenses are located in an asymmetrical
arrangement of 3 working lamp/lenses forming a triangle
surrounded by 9 guards, Figure 2.11. The working area
of the simulator beam is 25 cm x 20 cm with a uniformity
of irradiance of + 5%. The solar simulator is designed

to produce a spectral irradiance approximating to air

mass 2.

2.5.2. The Small Transwall Module

(a) The Module Description.

The module is made from 6 mm Pilkington clear float
glass and has dimensions of 24.5 cm by 19 cm by 7.5 cm
internal thickness. The photograph in Figure 2.12 shows
the module sitting on its stand on a Handy Angle Frame.
‘The sides are insulated by double glazing in order to be
visually transparent, the bottom by perspex and
polystyrene, and the free water surface by a carefully
fitted double layer of plastic bubble film. The glass

temperatures are measured by thermocouples coiled onto
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Figure 2.0 Variation of spectral-irradiance with
wavelength at three voltages [ Yass et al., 19%4 1.
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Te‘sf area = 15cm fridngle

Figure 2.11 -12- Lamp lens array [Yass et al., 1974].
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Figure 212 The Small Transwall Module on a
Handy Angle frame, with the thermocouple
grid support, (1). Position (2) shows three
horizontal planes of five thermocouple rows.
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the glass and secured by silicon adhesive. The coil
length is 5 mm and the 50 tc 1 ratic of 1length to
diameter minimises conduction errors. The water
temperature is measured by a grid of 15 thermocouples

(section 2.5.2(b)).

(b) Irradiation and Temperature Measurements

The small transwall module was irradiated by the
solar simulator operating at 120 volts, for 2 hours, and
the solar irradiation was measgred by a Kipp and Zonen
CM3 solarimeter: connected to a 7045‘Solartron digital
multimeter. The solarimeter dome was piacéd 3 cm behind
the module. A

Chromel-alumel thermocouples were used to measure
water and glass temperatures within the small cell.
These were mounted in a grid support a.nd arranged in
three horizontal planes of five thermocouple rows from
front to rear end of the support, Figure 2.12. The
front row thermocouples were about 1.6 mm from the
interior face of the front transwall glass while the
back row thérmocbuples were about 5 mm from the interior
face of the rear glass. Each row is formed by
stretching the thermocouple wires between the grid
supports so that the hot junctions are central. The
grid support system is used because it keepé the
thermocouples in the same position and hence makes it
easiest to locate. Chromel-alumel thermocouples,

diameter 0.2 mm, were preferred to the more stable
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copper-constantan variety because of their superior
strength. The chromel—-alumel thermocouples were
caiibrated against a platinum resistance thermometer
coupled to a 6 decade AC Bridgé. Details are given in
Appendix D. The results showed that the transwall
temperatures were measured to within + 0.159C, which

is reasonable for the chromel-alumel thermocouples used.

(c) Absorption Measurement.

A difference was found between the measured
transmission through the small transwall and that
predicted from the spectral extinction coefficients
measured by the spectrophotometer, a Perkin-Elmer Lambda
9 UV/VIS/NIR, of the Chemistry Department at Glasgow
University.

Initially, this was thought due to difficulty in
measuring the absorption of the glass and/or dye and/or
water. In addition, the extinction coefficients of the
original glass was in doubt because it was not certain
that the glass was truly of Pilkington manufacturer as
requested on the order. Another cell was constructed
with off-cuts provided so that the extinction
coefficients could be measured. However, careful
rechecking (Appendix B) improved the value of various
extinction coefficients, but a difference of 13% in
transmission still remained. Examination then turned to
the spectrum of the solar simulator and its variation

with voltage.
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Table 2.1 Fractional Energies in wavebands for
Solar Simulator Lamp Spectrum at 120V compared
to Air Mass 2 Fractional Energies in same wavebands.

Waveband | Fraction Energy |Fraction Energy
Cm Solar Simulafor Air Mass 2
Lamp Spectrum ‘

03 -035 0.001 1 0.007

035 - 04 0.008 0024

04 06 0.265 0.282

06 075 0.349 0.218

075 09 0.162 0.140

09 1.2 0.098 0146
1221 0117 0146

21 4 0.0 0.040

The fractional energies in the 8 wavebands 0.3 - 4.1

simul ator
pm, Table 2.1, above, emitted by the solar at 120 volts

were calculated using the spectrum of the ELH 120 volts,
300 watt lamps, supplied by the manufacturer, Thorn
Lighting Limited. Lanarkshire, U.K.. The plot points
from the Thorn ENX-1 curve claimed to be "theoretically
very similar“ to the ELH lamp [Thorn Ltd]l, are shown in
-'Fig. 2.13(a) superimposed on the NASA curves by Yass et
al. aﬁd gave good agreement. However, the
manufacturer”s claim that the curve is bell-shaped
stopping at 1 micron is clearly incorrect. Figure 2.13

(b) shows the curve, an 82C, 360W ENX-1 supplied by the

manufacturer.
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The fractional energy 1in the wavebands are shown in
Table 2.1 together with A.M.2 fractional for solar
irfadiation in Glasgow calculated by Greveniotis, 1986.
The disparity is clear. Wﬁen the absorption of
irradiation within the small transwall module was
calculated using the new values of the solar simulator
fractional waveband energies, and the extinction
coefficients calculated frbm the glass, water, water/dye
transmission curves (Appepdix B), the measured
transmission and that predicted differed by 3% for clear
water, and 2% for Lissamine Red 3GX water/dye solution.

A problem remained in that better results are
achieQed with higher lamp voltages and this shortens the
life of the bulbs which cost around £11 each and 12
bulbs are involved. Uniform irradiation over a larger
area would be obtained by adding another 5 bulbs with
their fresnel 1lenses [43], but the cost 1in bulb
replacement will be considerable, and increasing the
number of bulbs increases the probability of a run being
aborted because of a bulb failure. A substantial

increase in the simulator working area will require a

new lamp system.

(d) Heat Transfer Coefficients; Module/Laboratory

The one-dimensional computer models require the
values for the heat transfer coefficients between the

front and back module surfaces and the room. These were

calculated from a cooling test.
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The module was irradiated for 2 hrs by the solar
simulator at 120 V, and then allowed to cool without
irradiation for 2 hours with only the surface under test
(front or rear surface) uninsulated. The sides, bottom,
top and one surface of the module had increased
insulation.- A variation was to have the free water
surface (top)‘uninsulated together with the module
surfaée being tested. The sides, the bottom and the
module surfaces were insulated by'a 5 cm thick
polystyrene, and the top end or free water surface was
insuiated by a double llayer’ of pléstic bubble film.
Stable ambient temperatures were maintaingd by the
laboratory cooling system, a chiller unit over which is
blown a vigorous air flow.

The experimental values of the calculated heat
transfef coefficients are shown in Table 2.2. An
average value of the combined heat transfer coefficient
of 11.8 W/(m2.K) was found for both the front and rear
surfaces to room. When the top free surface was
uninsulated during the cooling test, a much higher

average value of 16.4 W/(mZ.K) was found.
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Table 2.2 Experimental Measuremenfs of the
Combined Convection and Radiation Heat Transfer
Coefficient, h, for a Small Transwall Module,

Surface to Laboratory Ambient. :

Condi tion of Heat |
Loss Test

Heat Loss through
the Front Face

Heat Loss through
the Rear Face

Heat Loss ’rhrough
the Front Face and
the Top End

Heat Loss through
the Rear Face and
the Top End

Period of h

- Cooling Test  (Average)
Hr W/(m?K)
2 12.2

. 11.8
2 1.5
1
7 15.5) |
SETYA

1 173
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2.6 Ambient Temperature Variations

Various attempts were made to reduce »temperature
variations in the small transwall environment in the
laboratory. The solar simulator generates 3.6 KW 'of_
power 1in the.laboratory which 1is countered by the
laboratory cooling system consisting of a chiller unit
supplying a cold air flow. A‘nbn/offb thermostat system
copes inadequately with the room temperature after about
60 minutes but it was too costly to replace it. The air
flow produces eddies and consequent temperature
fluctuations at the transwall module. Screens were
erected at each side of the solar simulator which
reduced these fluctuations by a factor of 3. The long
term svolution will be to partition the laboratory and
isolate the simulator behind a glass screen. Figure
2.14 shows the average ambient temperature diff.erence'
between start and finish for a 2—hbur run, before‘ the

screens were erected (Curve 1), and after the use of

screens (Curve 2).

The improvement can be clearly seen in Curve 2.

However, a scatter of ambient tempevraturervalues_from
the start to the end of a run still remained. Thé
shielde’d ambient temperature t'hermocouples,r 4 close to',
each face of the small transwall, placed near each
corner so that they do not interfere with the solar
simulator beram irradiation, were recording differeht
values of the ambient temperature. Cbnéequently it was

uncertain how to combine the reading to give the true
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ambient temperatures. An average of these values was
taken, and the computer models were evaluated at the
lowest minimum value possible, T,, min., and at the
highest maximum value possible; T,, max. Clearly, the

true curve lies in between the two extremes. The

computer model 1 was not evaluated using this approach.

2.7 Comparison: Experiment With the Computer Models.

The temperature distribution in the small transwall
module was measured (Section 2.5.2(b)) and compared with
predicted values for three computer models using clear
water, and a water/dye solution (20 ppm Lissamine Red
3GX). The computer models differ from each other by the
way in which either a glass slab or a water slab, and/or
both glass and water slabs were divided.

The experimental start temperatures, top to bottom,
were fairly uniform. The mean vertical temperature
gradient for water inside the transwall was.abéut
0.500C at the start, and about 2.59C at the end of a
2-hour run. Therefore, the middle plane thermocouples
were chosen to represent the average temperature of the
small tfanswall module, and hence used to test the

computer models discussed in Sections 2.7.1 - 2.7.3.

2.7.1 Computer Model 1 - Comparison with Experiment

The slab divisions for Model 1 are shown below. The

model assumes that the glass slab thickness of about 6
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Figure 215 g=6 mm and a=12.5 mm

mm is half the size of the water slab thickness, 12.5
mm. In all, there are 6 full water slabs, and 2 glass
slabs.

The plots of the computer Model 1 and experiment are
shown in Figures 2.16(a) - 2.16(d) for both clear water
and a water/dye solution, a 20 ppm Lissamine Red 3GX.
Figures 2.16(c) and 2.16(d) show the cases for clear
water when the effective conductivity factor given by
the Nusselt number, Nu, was kept constant, and also when
it was allowed to vary according to the correlation
given by McGregor' and Emery [30], respectively. The
Nusselt number wés constant at 9.2 and allowed to vary,
ranging from 8.9 to 9.4 for clear water, and from 9.4 to
9.8 for Lissamine Red 3GX. Clearly, the effective
conductivity is fairly constant, and thus its
sensitivity does not play a role here. The computer

model 1 overpredicts the mean temperature rise by 12%
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for clear water, and by 6% for Lissamine Red 3GX.

The shapes of both curves (water and water/dye) do
nof resemble the experimental curve at the glass ends,
but merely flatten out in é straight 1line. The
behaviour of the computer model at the glass ends is
considered important in the analysis, because the glass
surface temperature is a controlling factor in the heat
release from the wall. It is thus concluded that the
computer Model 1 does not adequately represent the

phenomenon in the small transwall module.

2.7.2 Computer Model 2 - Comparison with Experiment

The Model 2 slab divisions are similar to those of
Model 1, at least in the case of the glass slabs. The

only difference is the water slab divisions as shown:-—

front
N
rear

Figure 217 ¢=6mm and a=12.5 mm

The water slabs were divided into 1/2-water slabs,
in the immediate glass/water interface vicinity, and 5

full water slabs in between. The computer Model 2
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assumed that there was no teméerature drop between the
glass and the bulk temperature of the water 1/2-slab.
In .reality, there is no temperature difference surface
to water at the surface. VHowever, there is a
temperature difference between the surface and the fluid
outside of the boundary layer.

The computer Model 2 was found to agree reasonably
well with experiment for both cléar water, (Figure 2.18
(a)), and 20 ppm Lissamine Red 3GX, (Figure 2.18(b)).
The computer model underpredicts the mean water
temperature rise of the small transwall by 15%, while it
overpredicts the mean water/dye temperature rise by
about 11%.

The shape of both curves resemble the experiﬁental
curve at the glass ends when the computer Model 2 was
evaluated at T_, min. However, both curves deviate
from the experimental curve at the front glass end when

the model was evaluated at T,, max. The curves merely

form a straight line.

2.7.3 Computer Model 3 - Comparison with Experiment.

The model treatéd each glass as a 1/2-slab and
retained the 1/2-water sléb in the immediate water/glass
interface region (as in Model 2) together with 5 water
full~slabs in between the 1/2—slabs. In total, this
arrangement produced 4 glass half-slabs, 2 water
half-slabs and 5 water full-slabs. The Model 3 replaced

the boundary layer of Model 2 with surface
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contact resistances at the glass/water boundary (at

nodes 2,3; and 9,10 in the slab division arrangement

below).
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The plots of the computer Model 3 are shown in
‘Figure 2.20(a), for clear water, and Figure 2.20(b), for
20 ppm Lissamine Red 3GX. The computer model agfees
reasonably well with experiment for both water and dye. -
It underpredicts the mean water temperature rise by 18%
when the model was evaluated at T,, min, and only by
3% when it was evaluated at T,, max. The true curve
predicted by the model lies in between the two
extremes. For the case of a water/dye solution, the
computer model underpredicts the mean water/dye
temperature rise by 16% when it was evaluated at T,,
max.

The shapes of both curves resemble their
experimental counterparts at both glass endé. Because
the small transwall is at a higher temperature than the

surroundings it loses heat energy into the environment.
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Figure 2.20(b) The temperature profiles for a 20 ppm Lissamine Red 3GX
with computer model 3, i.e. surface contact resistance at glass/water
inferface. The model was evaluated at Ty, max., Curve(1), and at

Ta, min., Curve (2).
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This is clearly shown by the éteep gradients from the
inner glass to the outer glass ends of the experimental
pléts despite irradiation.

The computer Model 3 mimicks thé experimental plots very
well in this case. The Model, however, does not show
the effect of surface contact resistance at the front
glass/water interface as well as itvdoes at the rear
glass/water interface.

The computer Model 3 proved to be sensitive to the
surface heat transfer coefficients, especially in the
rear glass end of the small transwall module. The
behaviour of the model is shown in Figure 2.20(c), for
the case of clear water only. The surface heat transfer
was made to vary according to the correlation suggested

by Bayley at al. [41], (see Figure 2.20(c)), and Kkept

constant at 50 W/(mz.K).
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2.8 Conclusion

The following conclusions were arrived at from the

tests on the smaller transwall module.

1) The 3rd computer model is the'best of the three. It
can predict the mean temperature rise in the small
transwall module to within a maximum error. of 18%,
and to within 13% based on mean ambient

temperatures. Various reasons could be advanced for

the modest discrepancy between the computed and the
experimental values of the transwall temperature,
aside from experimental errors and uncertainties.
Clearly, the application of one-dimensional
treatment to a three-dimensional problem is likely
to produce error. The uncertaiﬂty in .ambient
temperatures and glass/air heat transfer
coefficients compound this problem. Finally the
water circulation, and its associated mass and heat
‘transfer, is complex and difficult to model
acc:ure;teily by the concept of effective
conductivity. It is contended that the loss in
accuracy is more than compensated by the simplicity
and utility of this model when compared to the
complexity and computing power required to model

transwall phenomena using the fundamental Patankar

approach of volumetric balancing of mass, momentum,

energy.
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2)

3)

The experimental and théoretical transmissions
through the smaller‘transwall module agree. It is
important that due aécount be taken of the spectral
energy distribution of the éimulator lamps and its

dependence on voltage.

The laboratory temperature requires better control,

such as isolating the simulator cooling system from

the transwall environment.
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Chapter 3

The Development and Validation of the Two-Dimensional

Computer Model of the Transwall.

3.1 Introduction.

The chapter gives an outline of a two-dimensional
computer model of the absorption in a transwall
developed by Greveniotis [20].  This is followed by a
detailéd development of the modification necessary to
this model, and then the two-dimensional temperature
prediction program employing the finite difference
method and -effective conductivities is présented. The
solar test cell and apparatus used in the model
validation are described. The chapter is closed by
discussing a comparison between éxperimental results and
those predicted by the two-dimensional computer model of
the temperature distribution within the transwall.

A crucial factor in analyzing radiation induced
thermal stratification in water is the direction in
which the water is irradiatéd. If the water is in the
‘fbmn of a pond, say a roof pond, and irradiated from
overhead by the sun then the temperature distribution
can be found by performing a one-dimensional finite
difference analysis, using effective conductivity (Nu=5)
and volumetric spectral absorption, to give a good match
with experiment [44]. .In this case the water is stablyA

stratiﬁiii;),—

The warmer water settles on top and there is no
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drive mechanism to displace it. However, in the case of
the transwali the water is irradiated from the side and
buoyancy forces cause a flow up the irradiated wall,
which must be‘replaced by coolér water from the bottom
which has (mostly) flowed down the cooler rear wall.
Thus the degree of stratification is compounded by
circulation, and in turn as the temperature

L3

stratification increases then there is probably a
reduction in circulation. |
Because the finite difference method with effective
conductivity had been so succéssful in predicting the
roof pond temperature gradient it was thought that it
might, with modification, be capable of reflecting the
vertical transwall temperature distribution. Factors
affecting vertical temperature differences which can be
accommodated by this two-dimensional treatment are:-
(a) varying the effective conductivity in the horizontal
and vertical planes; (b) allowing for heat transfer
across the upper and lower horizontal surfaces;
(¢) varying the air boundary layer thickness on the
glass walls and therefore the heat transfer; (d) finally
incorporating.the vertical teét cell temperature
distribution into the program. Measured vertical
temperature distributions in the transwall are only 2 to
40C/m, and consequently it was thought that the above

factors could produce a temperature gradient of this

magnitude although the shape of the gradient might

differ.

76



3. The Two-Dimensional Absorption Analysis

Greveniotis~ Computer Model

3.2.1 Introduction

The role of volumetric irradiation absorption in
determining the temperature distribution within the
transwall has been established in Chapter é;

The computer model accepts that shading within and
without the transwall occurs and sets about calculating
absorption in the various volumes into which the
transwall is divided. Obviously the choice of volumes
is dependent on the model chosen for the temperature
distribution. This had not been determined when
Greveniotis developed his program and consequently
modifications were required. The transwall is taken to
be long and the method is- strictly two-dimensional i.e.
the absorption is allowed to vary in the x-y plane, but
uniform in the z-direction. The three-dimensional
nature of beam irradiation is retained. The orientation
of the transwall is due south (MERA situation),rand
hence in applying the equations in other orientations

the wall azimuth angle, a is deducted from the salar

wr
azimuth, a_, term, i.e. replace cos ag with cos
3.2.2 Refractive Altitude and Azimuth Angles.

The incident ray is bent within a transwall, and the

altitude and solar azimuth angles calculated in air do
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not apply. It is necessary, therefore, to calculate
"effective altitude énd solar azimuth angles" for each
material of different refractive index. The refracted
solar azimuth and altitude angles are used when
calculating shadow factors and acceptance factors,
defined later, because it is important to determine
where the 1limiting beam vector strikes the horizontal
and vertical planes of the various slabs. It 1is
important to note that the incident and refracted rays
iiev in the same plane. The refractive solar azimuth

angle, ag .  is given as:-

a_, = tan~! (tan r cos @),

and the refracted altitude angle, &,., is given as

QT = sin~ ! (sin r cos @)
where r = refractive angle
e = inclination angle of the incident plane.

Details are givén in Appendix El.

3.2.3 Lid Shading and Reflections at the Bottom Glass

(Base).
The inner glass slabs will, in addition to receiving
‘beam irradiation directly, have their upper slabs shaded
by the 1id and their lower slabs irradiated by reflected
irradiation from below (Appéndix E) as shown in Figure
3.1(a). In the case of a MERA transwall, only the top
1/2 slabs of the 5 slabs vertical, Figure 3.1 (b), will
be in shadow for latitude 56°. The limited height to

receive irradiation reflected from the glass/air
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interface at the bottom is given by:-

tan arz
AX =t ., (Appendix E2)
cos ag, .,
where t_ = water thickness
mrz = gltitude of refracted ray
“8aro = solar azimuth angle of refracted ray.

An Acceptance Factor, AF(j), is defined so that for
siabs completely above the limiting ray i.e. ht. greater
than AX, then AF(j) is zero; for slabs completely below,
AF(j) equals unity; and for the slab hit by the limiting

ray, AF(j) varies between zero and unity, i.e. (0-1).

3.2.4 Beam Irradiation

In calculating beam irradiation, each volume of the
" transwall has to be associated with its own shading and
acceptance factors (Appendix E3). The shadow factors
for beam ifradiation are considered as follows: if the
slab does not receive any irradiation reflected or
otherwise, the shadow factor, SF, equals zero; if all of
the slab receives reflected irradiation, the shadow
factor equals unity; and if part of the slab receives
irradiation, the shadow factor varies from zero to unity
(0-1). Acceptance factors havefsimilar role to shadow
factors where reflected rays are involved. Only one
reflection is considered because the'energy in a double

reflection is small and the slight increase in accuracy
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does not justify the extra complication.

3.2.5 Diffuse Irradiation.

The following assumptions apply when treating
diffuse irradiation:-

i) The path lengths are all appropriate to an effective
incidence angle of 60° as suggested by Beckman and
Brandemeuhl, 1980, [45].

ii) No shadow factors are involved because irradiation
is considered isotropic, butvview factors are
considered.

A problem arises in summing diffuse irradiation over
waveband

the wavelengths andapintervals because reflected

irradiation is composed of part beam part diffuse, and

the fractional energy per waveband is different for both
cases. This can be accomplished by fixing a ratio
between beam and diffuse irradiation, IR , (see Appendix

E4.1). In addition, the transwall will not see a

complete quarter-sphere of the sky dome becaﬁse of

shading of the roof (see Appendix E4.2). The maximum

effective sky dome angle, B, was measured to be 101°

for the MERA transwall.

3.2.6 Treatment of Backward Irradiation from Room.

The room reflected irradiation onto the back of the
transwall is small (measured circa 5%) of the incident
irradiation on the front of the transwall so that the

treatment assumes that the spectrum of room reflected
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irradiation is that of diffuse irradiation and is simply
added to the diffuse irradiation from the inner

transwall glass/air interface.

3.2.7 Computer Program for Absorption.

The two-dimensional program developed by Greveniotis
had to be modified in order to incorporate the surface
contact resistance modél (Section 2.2.1). First, it had
to be translated from BASIC to FORTRAN with an intention
to run it on the IBM PS Microcomputers. The translated
version proved to be too big to run on the Mircrosoft
FORTRAN compiler. The program was then extensively
modified and is now running successfully on the
Ryan-McFarland FORTRAN PS/2 Personal Systems, and on the
VAX 750/VMS Mainframe computer.

Greveniotis” absorption model program divided the
transwall into vertical and - horizontal slabs. The
horizontal direction glass slabs were each treéted as a
full slab, and the horizontal direction water slabs were
divided into six equal full slabs. The vertical
direction slabs were divided into five slabs, two equal
hélf slabs at the top and bottom and four full slabs in
between, Figure 3.2, Section 3.3.1. The 5-slab numﬁer
was chosen as a compromise between accuracy and computer
running time. Too many slabs, say 10, would produce
more accurate results, but the computer running time

would be substantial because of the increased number of

equations. C
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The translated program was then ‘incorporated into
the two-dimensional _explicit finite difference program
employing the concept of effective conductivity to
account for circulation within the transwall. The
two-dimensional temperature subroutine was the simple
model, Computer Model 1 (Section 2.5.1). When the
program was run it was found to overpredict the
temperature distribution in the transwall by about 30%.
The temperature subroutine was then modified along the
lines of Computer Model 3 (Section 2.5.3) to employ the
model of surface contact resistance at the glass/water
interface. This modification called upon the absorption
subroutine program to be modified aé well. The
discussion that follows gives details of modifications

to the absorption and temperature computer models of the

transwall.

3.3 The Modification of the Computer

Two-Dimensional Absorption Model of the

Transwall.

3.3.1 Introduction

The computer two-dimensional absorption model was
modified by treating each transwall glass plate as two
half slabs, and also taking the water slabs in the
vicinity of the glass/water interface as half slabs.
The remaining water slabs were retained as full slabs.

This slab arrangement shown in Figure 3.2. produced four
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glass half-slabs, two water half-slabs and five water
full-slabs, giving a total of 11 horizontal direction
slabs. The vertical direction slabs were kept at 5,
with half slabs on either end, top and bottom.

Consider the transwall horizontal and vertical
direction siab divisions as shown in Figure 3.2. The
shadow view and acceptance factors are incorporated
according to the suggestions outlined in Greveniotis~™
‘model. The major changes considered here are those due
to the attenuation of solar irradiation in the
half—slabs of both glass and water materials. The
treatment of irradiation through the five full water
slabs is inevitably affécted by the preceding

alterations in the glass/water half-slabs.
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Figure 3.3 Outer glass %—slabs, window side.
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3.3.2 Outer Glass Slabs (Window_ Side).

olp = (1—pg)2 Tgw-

olp(l-pg)

olb(l-pg)17gy
olp(1-pg) 1723 (1-py)
olp(l-pg) 73} py
olb(1-pg) 174t Pw
olp(l-pg) (1-py)oy 1731 7%

PR

oIb(l"Pg) 1l7§%(1"pw)9w TS

water \ \\ 1“’
V@ N o W o

NN N MY VN
\1
fos) o~
ﬂ
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N\
-—
=y
~
-—
b=y
~

(a) Beam Irradiation Absorbed By lst Quter Glass 1/2-Slab.

Beam
} = oIb[(l—Pg)_(l_pg)frg% +(1“Pg)17'§% pw(l'-]'rg%)
absorbed
+ SF1(j) x (1-98)11'%% (l"pw) Pw szv (1_1Tg12-)
+ SF,(j) x (1—pg)17§%(1—pw)2 Pg T3 2725(1'17g%)]
Rearranging,
Beam
} = olb(l_pg)(1"17g%)[1+1T§%{pw+SF1(j) T\%J [pw(l_pw)
absorbed

+og(1-py) 2 573411 ]
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Similarly,

(b) Diffuse Irradiation Absorbed By lst Outer Glass 1/2-Slab.

Diffuse

} = olg x VF, (» (l—pg)(1—17'8'%)[1+1T§%{pw+7'€v[pw(1"‘9w)
absorbed

+ pg(l‘pw)z 27§%]}]

(c) Beam Irradiation Absorbed By 2nd OQuter Glass 1/2-Slab.

Beam .
} = olb[(1‘pg)1Tg%"(1"pg)(1'Pw)1T§%'(1"Pg)pw 1727%
absorbed

+ SF,(J) x (1-pg) 1733(1-py)pyy 74 (1-17g4)

+ SF(j) x (1-pg) 7Z3(1-py) 2pg7¢ ,753(1-17g1) ]

Rearranging,
Beam ;
} = oIb(l‘Pg)1Tg5[1“17gé{(1‘Pw)+Pw 1T gi
absorbed
- SF, (J) X (l_pw)T\,zv (1"17'g%)[pw'*'pg(l"pw)z'rg%]}]
........ (3.3)
Similarly,

(d) Diffuse Irradiation Absorbed By 2nd Quter Glass 1/2-S1ab.

Diffuse
b= ot x W) x (eog) gl v gs{op e 17

absorbed

- (1-p)73(1=17g1) lpytpg(l-py) ;7 341} ]

85



3.3.3 Inner Glass Slabs (Room side).

(i) The Reflection at_the Bottom Glass (Base) End.

AR R

//

PP P27 77 P2y 1 TIIII]

il L LIl
6

AR ) \\\\\\\\\\\\\\y(\\\\\\\'

Figure 3.4 d = J,(1p)To(1-p) 5 iz oRo & f=eoPo

where p,p = path length through water of
reflected beam
Pgb = path length in bottom glass

(ii) let ¢ =d 7y

1 /
21
g
5p ] 2 c(1-pw)2Tg}
“/; l g 3 c(1-pw)27gi(1-pg)
E A /j/r L cl-pylpg ;744
SH A 6 / _ .
[ g 5  c(-pywlrg 5784
’,/,,—: . l - a § 6 d(1-py)pTyw b7} Pgb 27 g}
o <
2 292 | 29 7 1 d(1-pw)pTw b7} Pgb 2TEL Pg

Figure 3.5 Inner glass 17-slc1bs, room side.
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(a) Beam Irradiation Absorbed By 1st Inner Glass 1/2-Slab.

The reflected beam off the bottom is weak relative to the direct beam and

the reflection, p|,, Figure 3.4, is ignored.

oIb[SFz(j) X (l‘Pg)1T§§(1“Pw)2 Tw

Beam ]
absorbed
- SF,(J) x (1-pg),733(1-py) 2 7y 57 gy
+ SF,(j) x (I"Pg)17§%(1“9w)2 Pg Tw 2T§%(1'2Tg%)
+ AF(j) X (1—pg),'r§%(1-9w)2 bTw bTé pgb(l'zTg%)]
Rearranging,
Beam :
] = olb(l-Pg)1T§5(1‘Pw)2(1‘27g%)[SFz(j) Tw {1+pg 27§%}
absorbed
+ AF(J) p7w b7% Pgb]
(3.5

.......

Similarly,
(b) Diffuse Irradiation Absorbed By 1st Inner Glass 1/2-Slab.

Diffuse C
} old x VF2(J) x (1-pg) 1 724(1-py) 2(1-27 g)[ 7y,
absorbed
{1+pg 27‘%%} + AD(j) pTy Pgb b'r:‘é%]

.......

where AD(j) = factor which is 1 for 1/2-slab.
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(c) Beam Irradiation Absorbed By 2nd Inner Glass 1/2-Slab.

Beam .
} = OIb[SFZ(j) X (1-pg)17§%(1_9w)2 278% Tw
absorbed
- SF,(J) x (1-pg)? 1734(1-py) % 7y 7%y
- SF,(J) % (l‘pg)z 1T§§(1“Pw)2 TwPg 27%%
+ AF(]) x (l"Pg)ﬂ'é%(l'Pw)z bTw bTé pgb 2785(1-27'8%)]
Rearranging,
Beam
} = oIb(l"Pg)ﬂ'é%(l_pw) 2[SF2(j) 2Tgt Tw {1‘(1‘98') 27 g3
absorbed

- Pg 2T§%} + AF(]) pTwi b7% Pgb 2Tg%{1'27g%}

Similarly,

(d) Diffuse Irradiation Absorbed By 2nd Inner Glass 1/2-Slab.

Diffuse
] = olg % VFz(J) X (I_Pg)17§%(1"9w)2[ 27g% Tw {1"'(1"pg)
absorbed

2Tgi~Pg 2T§§} + AF(J) pTyw b7 Pgb zTgf{l"ZTgﬁ}]
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3.3.4 Water Slabs.

The water slab divisions, the two i-slabs near the glass/water

boundaries, and the five full-slabs are outlined as shown in

Figure 3.6.
N

Figure 3.6 Water Slabs. T = e wbw

(a) First Water 1/2-Slab; [Slab 3,11

d = olp(1-pg) 1724 (1-pw)

‘\\fu\
s 7 drvrhed]

(_., o .
a"/’?

:-‘—-%—-"

4

Lw
-K (L = a

Figure 37 T =e w' v 2 8«7;1/2:6_}(\«7
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(i) _Beam Irradiation Absorbed By 1lst Water 1/2-Slab.

Beam -
= Ip[ (1-pg) 721 (1-p) {1-7
absorbed } ° [ 87V 8 i { Ve
+ SF3(3,0) x (1-pg) 723 (1-py) 7y 7Y oy{1-7 43}
+ SF,(3,]) x (1-pg) 1734 (1-py) 2 2T Tw T
Pg{l 'TW%} ]
Rearranging,
Beam

= - 2 _ _ .
absorbed} olp(1-pg) 1734 (1-py) (-1 [ 147y, T1{SF4(3,1) x oy,

+ SF4(3’j) X Pg(l-Pw)zTgﬁ}]

In this case the thicker water slabs, relative to the glass i-slab

require two shadow factors for the reflected ray.

Similarly,

(ii) Diffuse Irradiation Absorbed By 1st Water 1/2-Slab.

Diffuse
} = OId X (l'Pg)1T§%(1—pw)(1'Tw%)[VF3(3;j)
absorbed

+ Ty Ty X {VFz(j)[pw + Pg(l‘Pw)27§%]}]

where VF,(j) = view factor of back glass

VF,(J)

1

view factor for diffuse irradiation, not off

tank bottom.
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(b) Second Water 1/2-Slab, [Slab (9, j)~th]

d = olp(1-Pg)a7gy(1-¢)

\ 1. . d[T1]
. :\\ w
R
o - 3 L’/,,f—’
5 1 3. d[ (1-py) 7y, 2T§% Pg];
3/1* //r/
— v 2
lg_t~*%
a7
Ly 4 a
Figure 3.8 T,=e ™™

(i) Beam Irradiation Absorbed By 2nd Water 1/2-Slab.
Beam .

} = oIp[SF;(9,j) x (1—pg)11§%(1—pw) Ty {1—Tw%}
absorbed

+ SF,(9,]) x (1-pg)1723(1-py) 7y, Pg {I‘Tw%}
+ SF,(9,]) x (1-pg)17§%(1—pw)2 Tw Pg 2T§%{1—Tw%}

+ AF(9,j) x (1-pg) 723(1-py) pTy b7% Pgb {1-Twi}

Rearranging,

Beam }
absorbed

oIb(l"pg) 1T§-zl(l_pw) (1—Tw%)[SF3(9rJ‘) X 7'114)

+ SF4(9,j) X Tw{pw+(1'Pw)Pg 2T§%}

+ AF(9,]) x p7y Pgb bTé ]
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Similarly,

(ii) Diffuse Irradiation Absorbed By Znd Water 1/2-Slab.

Diffuse

absorbed

} = OId X (1—98)1T§%(1"pw)(1'7w%)[VF3(3’j) Tlli

+ VF,(j§) x 7y, {py + (1-py)pg 2751}

+ VFgq 5 x AD(§) pTy Pgh pT3]

where AD(j)
VF¢,
VEg,

(e) Full Water Slabs: Slab (i, j)-th.

view factor slab 2

\J\J_\
L
E 1 [

S | 2.

/ / .
/ / [

/l;\,/ .&" l".
/ a g

factor 1 for 1 1/2 slabs, and 0 for higher,
view factor of the bottom 1/2 slab, slab 1

d = oIp(1-pg) 1721 (1-pw)

a7}
dlr3f 7w Pu]
d[ (1-p W) 7w} 7w 2783 P8

d[bTwiPghb bT%]

s + (n-3.5)a M ;K‘,, (N-n-25)a

Figur‘e 3.9 wi € : wi

_ K, a
and 1;s—e W
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(i) Beam Irradiation Absorbed By n-full Water Slabs.

Beam . :
} = olp[SFy(i,)) x (1-pg) 723(1-py) 74, %4{1-7 ws

absorbed
+ SF(1,0) x (1-pg) 724(1=py) 73" P o7 {1-7 g
+ SF,(i,J) x (1-pg),733(1-p) % 73" 70 g 7%51-7 g

+ AF(i,j) x (1-pg) 734(1-py) bTwi Pgb bT%{l—Tws}

where p7yi will vary from slab to slab.

Rearranging,

Beam
} = olb(l—pg)*l’r%%(l—pw)(1'TwS)[SF3(i9j) T{'g‘j
absorbed

+ SF,(1,5) 7y 3 {pwt pgll-py 7%4

+ AF(i,]) bTwi Pgb T3b ]
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Similarly,

(ii) Diffuse Irradiation Absorbed By n-full Water Slabs.

Diffuse
] = olg4 x (l—pg)11§%(1-pw)(1—1ws)[VF3(i,j) 4
absorbed . -

+ VF,(§) 7y 7Y {pwt pgl-pg 7%3

_+ VFgy 2 X AD(J) p7wi Pgb Téb]
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3.4 The Two-Dimensional Explicit Finite Difference

Analysis: Surface Contact Resistance Computer Model

Development of the Transwall'Temperature

It is believed that because the transwall is wide
compared to its height and thickness, the

three-dimensional approach will contribute very 1little

to the accuracy, and therefore, the two-dimensional

solution is outlined as shown in Figure 3.10

Nomenclature

fhg, 5 -~ combined convective and radiation heat
transfer coefficient, front glass to
window opposite slab jJ.

rhs,j = combined convective and radiation heat
transfer coefficient, rear glass to room
opposite slab j.

ohc,j = surface "contact" heat transfer
coefficient at the (front) outer
glass/water interface opposite slab j.

ibe, j = surface contact heat transfer coefficient
at the (rear) inner glass/water interface
opposite slab j.

h, = linearized radiation heat transfer

coefficient.
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ij
I>\Tgw

1

combined convective and radiation heat

transfer coefficient, base end of
transwall to ambient.

combined convective and radiation heat
transfer coefficient, top end of transwall

to ambient.

air gap temperature opposite slab j

room temperature opposite slab j

window glass temperature opposite slab j
base end of transwall temperature

top end of transwall temperature

thermal conductivity glass

thermal conductivity water

effective conductivity, horizontal
Fourier number for glass

Fourier number for water

time interval
glass thickness
horizohtal direction slab thickness

vertical direction slab thickness

fractional absorption in slab (i,j)

incident irradiation after passing through

window/m2 transwall surface.
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The development of nodes in both glass and water slabs is governed by

by the Fourier equation.

oT k o2T 92T 92T ag
= + + + —
ot pc Ox?2 Oy? 0z?2 pc
02T
assuming (i) — =0
0z?
oT k o027 02T qg
Therefore, —_ = — —_ + — + =
ot pc  Ox?2 Oy? pc

This can be written as a finite difference relation in the
same way as for a one-dimensional approach.

For (i,j)’th slab, Figure 3.10,

32T pTi-H + pTi-1 - 2 pTi
ox?2 a2
2 . . - .
T pljy, + pljy - 2 pTj
and =
dy? b2
3.4.1 Water Slabs.

In order to allow for vertical stratification it was

of anisotropic effective

the concept
for

investigate

having different conductivities

i.e.
In effect this is similar to

decided to
conductivities

the i and j directions.

pyrolised graphite which has a thermal

conductivity in one direction 200 times that in a perpendicular plane

ke vertical

let r =
ke horizontal

where kg, Nu . k,,
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(a) Full Water Slabs; Node (i,j) i = 4,5,....N-3
j=2,3,....M
p+1Ti,j - PTi,j ke o2T I‘ke 02T I)\Tgwai
- — — + — +
ot PwCya? Ox2 PwCy Oy? ab.1.p,c,

ke
= (pTitr,j + pTi-1,j = 2 pli, )
PyCya’
rke I)\Tgw()li
+ ——— pTi, jea + pli,jor = 2 pli, j) + ————
PwCwb? ap,,Cy

1 ra?
priTi, g = Fux |pliva,j ¥ plica,j ¥ == = 2 —= =21 pli,;
Fis b2

ra? a -
+ — (pTj, jar + pli, j-1) + — (INTg@j)
b2 k
e
.......... (3.15)
keot ‘
where F,, = ——— , the Fourier Number.

PyCwa?

The stability criterion for the explicit method required that

function of the current temperature remains positive, i.e.

1 ra?
_ -2 - -2 20
Fux b2

This stability is not repeated for other equations developed.
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All of the equations are checked against one dimensional equations by
putting b = © as shown below. This check is shown below as an example

and is not repeated.

b = 0
1 a
pr1Ti = Fux|pli+: + pli-q + {——— - 2}pTi,j + - (Ingwa)
wX ke
(b) 1st Water 1/2-Slab.
(i) Bottom Slab; Node (3.1).
p+1T3,1 - pTa,1 4k a
= - ohc,1(pT2,1 - pT3,1) -
5t PwCwa? 2k,
1 4rkg b
- = T3,1 - pla 1)}+ { hp(pTp - T3,1)
2 d P pwCwb? L2rk, P P
1 INT gw?s, 1
- (pT3,1 B pTa,z)} t
2 PwCwa/ 2
Rearranging,
a ohe ra? a?h
ippiTe 1 = 4Fux | ¢ I Y R iy S Gm—— ., PR
13,1 wX 2,1 3,2 p
P 2ko P 2b2 P bk
1 1 a ohe 4 ra? a’hp 1
+ - pT4,1+{ - - 2 - -~ }pT3,1
Fux 2k, 2b 2bk,
a
+ — Iz7 was,1]
an, ST (3.16)
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Similarly,

(ii) Top Slab: Node (3 M+1).

a ohe Mg ra? ah
p+1Ta,M+1= 4wa[( )pTz,M+1+(___ )pTa,M+( )th
. 2kg 2b? 2bk,
1 1 a ohc,M+1 ra? azh, 1
+ - pT4,M+1+{ - - - - = }pTa,M+1

2 WX 2k, 2b?2 2bk, 2
a

+ — I\7gy 3,M+1‘
2k, T (3.17)

(ii) Middle Slab; Node (3.j) ; j=2,3,...... M

ptiTs,j=pls,j  2ke

ot PwCwa? kg

a
[— ohe, j(pT2, j=pTs,j) - <pTa,j-pT4,j>}

2%k, [l

pPyCyb? 2

INT gw@s, j
+ —_—
PwCwa
Rearranging,
a ohc,j ra?
pt1Ts, j = 2ZFux [(“““" )pTz, jtpla, j+ — (pTa, j-1*pla, j+1)
ke 2b2

1 a ohc,j ra2 a
+ [ - - - 1]PT3,j+ —_ [)\Tgwola’j

2F s, Ke b?
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Similarly,

(¢) 2nd Water 1/2-Slab.

(i) Bottom Slab; Node(N-2,1).’

a jhe , ra? azhy
T = 4F (————— )Ty, +( Y Tney A4(—— )T
141N-2,1 wX N-1,1 N-2,2 b
P¥ 2k, P 2b? P 2bk, P
1 1 a ihc,1 ra? aZhp 1
+ - PTN"3,1+{ - - - - - ]pTN—2,1
4F % 2k, 2b? 2bk,

a
+— Iy7 N-2,1 ]
2k, e

(ii) Top Slab: Node (N-2 M+1).

[ a jhe, Me ra?
Ta_ = 4F (———8 —— ) Ty +(— ) pTn=
1*N-2,M+1 wX N-1,M+1 N—2,M
¥ Zke P 2b? P
azht 1 1 a ihC,M+1 ra?
+( )th+ - pTN—a,M+1+[ - -
2bke 2 4wa 2ke 2b?

a2h, 1 a
- - - ]pTN—z,M+1+ — IngwaN—z,M+1]
2bk, 2 2k,
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(iii) Middle Slab: Node (N-2.j); j=2,3,....M

a ihc,j ra?
p+1TN—2,j = 2Fyx [(""_'_"—)pTN—z,j'*'pTN—a,j+ - (pTN—z,j—1
ke 2b2
+,T )+{ : 2 ibey I 1} T
p'N-2, j+1 - - - piN-2,]
2F ke b2

a
+ — IngwaN—z,j]
ke

3.4.2 Front Glass Slabs.

(a) 1st Glass 1/2-Slab.

(i) Bottom Slab:; Node (1.1).

T, ,-pT 4k h 1
priti,17phan g |& ffs,1
= { (pTa,1‘pT1,1)‘ - (pT1,1‘pT2,1)
ot gngcg 2kg 2
ghr 4 4kg bhp
¥ (pTgw,17pT1, 1) [+ R — (pTp=pT1,1)
2kg b PgCg 2kg
1 INT gw1 1
- (PT1,1_PT1,2) t—
2 pgcgg/z
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Rearranging,

» g fhs 1 ghy, v 1
p+1T1,1 = 4ng (——— )pTa,1+("‘__ )pTgw,1+ - pT2,1
2k 2 2
8 8
8? g%hp 1 g shg 87 ghy 4
+(——; )pT1,2+( )pr+ - - - -
2b 2bkg 4ng 2kg 2b 2kg
g?hp 1 } 8
- - = VT, + — Iyr
pli, A gw®1 1 ]
2bkg 2 Zkg
kgSt
where ng = , the Fourier Number.
8°rgtg
Similarly
(ii) Top Slab; Node(1 ,M+1).
& fhs, M ghr, M
p+1T1,M+1 = 4ng (——— )pTa,M+1+( )pTgw,M+1
2k 2k
8 8
1 g* g2h 1 & fhr M+
2 2b 2bkg ng kg

g? ghr M+ g?hp

1
- - - - ; }pT1,M+1+ ;—_ INT gw1 , M+1

2bk
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(iii) Middle Slab: Node (1,j); j=2.3,....M

ptiTe, i pT1,j 2kg (8
T e i BT T DG T2, )
ot 8°Pgtg ‘Kg
g : | 2k, (1
= Glgw, 5T, ) 1[Gy, jmpTh, )
kg b PgCg 2
INTgw | j
g, j
- (pTw,j‘pTl,j—l)]}+
PgCg8/?
Rearranging,
g8 fhs,; ghr, j
pr1T1,j = Fgx [(————)pTa, j*(——— ) pTgw, j*pT2, ]
kg kg
g2 L ghry g ghsg
t (PT1,j+1+pTl,j—1)+{2 - -
b Fgx  2kg kg
-— - T1’-+—I)\T 1,
b2 prtd kg ] (3.24)
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(b) 2nd Glass 1/2-Slab.

(i) Bottom Slab:; Node (2.1).

p+1T2,17pl2 4 4kg 8 ohc, 1
T (pTa,17pT2, 1)
ot 8°pgtg 2kg
1 4kg  [bhp
== T2, 17pTa, )+ ———i— (pTp=pT2,1)
2 b PgCg 2kg
1 INTgw®2, 4
== (pla,17pT2, 2) ¥ —————
2 pgcgg/z
Reaaranging,
T 4F [(g ofe, 1 T : T (gz y T
= + +(—
112,14 3,1 1,1 2,2
pt 8x Zkg p p b2 p
gZh 1 gohe,; 8 8%hp 1
+ ( )pr+{ - Bl }pTz’,
2b 4F g 2kg b 2b 2

g
+ — IN7Tgu;,,
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Similarly,

(ii) Top Slab: Node (2.M+1),

& ohe, M1 1 g?

YpTa M+t = pTy Me+(— I pT, M
pre 2 P 22 P

p+1T2,M+1 = 4ng [(
-2k
- 4
gzhc 1
+( )th'*'{ -
2b 4ng

g
t— IkTgwaz,M+1]
2kg

(iii) Middle Slab;

g ohesmyr 82 g%hy 1
T2,M+1

Node (2.i). j=2,3,...M

prle,gplag %% (8 1
= — ohe, j(pTs, j=pT2, j)-(pT2, j=pT1, j)
5t gngcg kg
kg (1
o {; [Tz, j+1p 2,j)"(pTz,j'pTz.j-1)]}
Pgg
INT w2, j
+ —
chgg/2
Rearranging,
& ohe, j g?
priTz,j = 2Fgx | (————)pTa, j*ply, j* — (pla, jaatpl2, j-1)
kg 2b2

{ 1 g ohe,j 87 1} 8
+ - - —_— - T2,j+ — Iy7 w2 |
5 P K g J

Fg kg

b? g

106



Similarly,

3.4.3 Rear Glass Slabs.

(a) 3rd Glass 1/2-Slab.

(i) Bottom Slab; Node (N-1.1)

A [(g ihe 4 y 1 g2
Ty_, , = 4F —_— Y TN_, it — Ty A (— )Ty
1*N-1,1 X N-2,1 N, N-1,2
P & kg 2 P 2p2 P
g2hp 1 g ihe . g2 g%hy 1
+( )PTb+ - - - - pIN-1,1
2
2b 4ng 2kg 2b 2b 2
g
+ — I\TguoN-1 4
2kg ....... (3.28)

(ii) Top Slab:; Node (N-1 M+1).

g ihc,M+1 1
p+1TN—1,M+1 = 4ng (—— )pTN—z,M+1+ - pTN,M+1
Zkg 2
g2 g2hg 1 8 ihe M+ 82
+(;;2)PTN—1’M+( 2b Pl s, 2k b2
8* g
g?hy 1 g :
- - = ]pTN—1,M+1+ - IngwaN—1,M+1]
2b 2 Zkg
......... (3.29)
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(iii) Middle Slab; Node(N-1,j);: j=2.3,.... M.

g :h . gz
1 C,]
priIN-1,j = 2Fgx [( - YpTN-2, j*pIN, j* — (pIN-1, j+
k 2b?
8
1 g ihe,j 87
+pINZa, j-1)* - R 0-0 LI
2ng kg b
g
+ — I)\Tgwaz’j
kg .......

(b) 4th Glass 1/2-Slab.

(i) Bottom Slab: Node (N.,1).

g rhs 4 1 8?

p+1TN,1 = 4ng (____“—)pTr,1+ - pTN—1 1 H(— )pTN,z
2k 2 2b2

g
g%hp 1 g rhs 4 g? 8%hp 1
+( ) pTh+ - - — - — - = TN,
2
2bkg 4ng Zkg 2b 2bkg 2

g
+ — IngwaN,1
2kg ........
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(ii) Top Slab; Node (N,M+1).

g rhs,M+1 1
p+1TN,M+1 = 4ng (——— )pTr,M+1+ N pTN—1,M+1
2kg 2
8? g2h; 1 8 rhs M+ 8
H—— ) pTy wt(—— ) T+ — - -
2 2
2b 2bkg 4ng Zkg 2b

2bk

g?hy 1 , g
- = = 1pIN, Mt — INT guON | M
g 2 2kg

(iii) Middle Slab; Node (N.j) ; j=2,3,....M

h

g rbs,j g?
priTN,j = 2Fgx |(——)pTr, jtpIN-1, jt — (pIN, j+itpIN, j-1)
k 2b?2
g

{ 1 g rhs j 82 l} g
+ - - — -1V Ty 4+ — Iy ;
D'N,J N gwON, j

2F gy kg b2 kg

.......
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3.4.4 Horizontal End Surfaces.

(a) Bottom End Nodes (i,1); i=4,5,..... N-3
p+1T1',1"pTi,1 2ke [1 1
= [‘ (pTi—l,l'pTi,1)‘ - (pTi,1“pTi+1,1)
ot aZp,c,l2 2
2rk, (b
t {_’“ hb(pr‘pTi,1)“(pTi,1"pTi,2)}
b2p,c\, lrk,
INT gw®i )1
+o—_—
PwCwa/ 2
Rearranging,
1 ra? aZhp
T; , = 2F [—(T- +.Ti. )+(—— ) T: +( ) pTh
111, wX i+1,1 i=1,1 i,2
pr 5 p P b2 p bk, p
l 1 a?hy ra? } a
+ - - - 13,T; + — IhT i
pli, A i,
2F,x bk b2 2k, g
...... (3.34)
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Similarly

......

(b) Top End Nodes (i M+1); i=4,5,

1 ra?
- (pTi+1,M+1+pTi—1,M+1)+(bT )pTi M

p+1Ti,M+1 = 2Fyx [
2
1 azht ra?
) Tt*{ - - - 1} Ti, Mt
P lr,, bk, b2 P

azht

+(
bk,

a
t— IkTgwai,M+1]

2k,

The two-dimensional computer model time interval

dependence was examined by running the model using
6t, from the 1lowest to the

different time intervals,
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highest. The lowest 6t was 1 second and the highest St
was 25 seconds.

- The model showed no significant dependence. There
was no difference in predicted temperatures when the
lowest and highest time intervals were used. Figure

3.11 shows the curve for the three time intervals

tested, i.e. 6t = 1 sec, 6t = 15 secs, aﬁd for &t = 25
secs, and show that the curves overlap. This is for a
case in which the transwall temperature'is higher than
ﬁhe surroundings. Similar results were found for the
other case in which the transwall temperature was lower
than the surroundings. However, as expected with an
explicit solution, the two-dimensional model was found

to be unstable for values of time interval greater than

25 seconds.

3.5 Experimental Validation of the Two-Dimensional

Temperature Distribution Program.

3.5.1 The Full Size Transwall Module

The full size transwall module dimensioned 1.2 m by
0.6 m by 0.16 m internal thickness was located in a
solar test cell. The cell shown in Figure 3.12 is of
wooden tongued and grooved construction and is located
at the Mechanical Engineering Research Annexe (MERA).

It has a south facing 6 mm single glazed window of 1.6 m

by 1.7 m and is fitted with night insulation consisting

112



of an aluminium cover backed by 50 mm of expanded
polystyrene. The test cell is divided by a partition
into a test space of 2 m by 2 m by 1.4 m and a
logging/working space of 2 m by 1.8 m by 1 m. The test
space 1is air cooled by a low mounted fan drawing 1in
outside air and exhausting it through controlled vents
at the top or bottom of the partition. The test cell is
fitted with three calibrated Kipp and Zonen solarimeters
- global, diffuse and global vertically mounted.
Reflected solar irradiation within the test cell is
measured by silicon cells. The environmental parameters
and data from the system were recorded using a

Solartron-Schlumberger 3530 Orion Data logging system.

3.5.2 Solar Irradiation Measurements.

Solar irradiation falling into the full size
transwall was measured by three Kipp and Zonen
solarimeters - global, diffuse and global vertical shown
in Figure 3.12. The global and diffuse solarimeters,
C.M.5.s, were fitted on the outside roof of the solar
test cell. A C.M.3 model was mounted vertically on top
of the transwall module facing the south window in order
to measure the diffuse irradiation falling on the
transwall. The shading ring of the diffuse solarimeter
was regularly checked to ensure continuous recording of
diffuse irradiation with changing declination angle.
Reflected irradiation within the test cell was measured

by three silicon cells. The solarimeters and silicon
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Figure 312 The Solar Test Cell showing the
full size transwall module, (1), and the Kipp &
Zonen solarimeters - global, (2), diffuse, (3),

global vertical, (4).
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cells were connected to the Solartron-Schlumberger data
logger that was programmed to record the irradiation

data every 6 seconds and average these over 15-minute

intervals.

3.5.3 Transwall Temperature Measurements

The temperature distribution within the full size
transwall module was measured using chromel-alumel
thermocouples, Figure 3.13. The PTFE insulated
ﬁhermocouples, diameter 0.2 mm are arranged as 4 sets of
five thermocouple "fingers" 1lying on a horizontal
plane. The thermocouple wire protrudes 20 mm from a 1.8
mm o.d. hypodermic tubing. The fingers are attached to
vertical hypodermic tubes that can be raised, lowered or
rotated by clamps outside the transwall. The full size
transwall thermocouples, were calibrated twice against

an NPL certificated P.R.T. (platinum resistance
thermometer). The results showed that the transwall
temperature was measured to within + 0.15°C. The
discussion on the calibration of the full size transwall
thermocouples is given in Appendix D. The transwall
thermocouples were connected to the data logger which

was programmed to record the temperature rise every 15

minutes.

3.5.4 Collection of Data: Methodology

Despite the very poor summer of 1988 some runs were

achieved using the programme outlined below:-
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Figure 3.13 The PTFE insulated thermocouples
arranged in 4 sets of five thermocouple fingers, (a).
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(a) The runs were made with clear water, and a water/dye
solution, 20 ppm Lissamine Red 3GX.

(b) Air stratification within the test cell was varied
for clear water and 20 ppm Lissamine Red 3GX by,

i) difecting the fan upwards énd opening bottom
exhaust vents. The opening of the bottom vents
was intended to reduce air»étratificationi

ii) directing the fan down and opening top vents.

(c) The runs were undertaken with one dye concentration
and varying sky conditions, i.e. clear, cloud,
overcast. This exercise proved difficult to achieve
because of its complete dependency on capricious
weather conditions.

(d) The transwall temperatures were changed for the
start of each run by using an aguarium water heater
attached to the E-facing side of the transwall. One
run was done with the water heater left off, in
which case the room temperature would soon rise
above the transwall; and another with the heater
left on overnight. When the heater was switched off
after running overnight the water was stirred for
about 30 minutes before starting a run in order to
reduce normal water stratification gradients.
Readings were logged for 30 minutes before a start,
and the night insulation then removed immediately
after a logged reading.

(e) The runs were generally made from 10 a.m. to 4 p.m.
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3.5.5 Heat Transfer Coefficients Measurements

The two-dimensional computer program, temperature
subroutine, calculates the heat transfer coefficients
front glass to air gap, and rear glass to room as a
function of transwall module height using the
correlation suggested by Bayley et al. [41]. However,
it was considered essential to the transwall analysis to
obtain experimental values of the heat transfer
coefficients for both module surfaces as a check on the
ﬁheoretical values.

The coefficients had to be determined in situ
because the fan and the venting arrangements were
thought to have a major effect on the values.
Accordingly the heat transfer coefficients were
estimated from tests in which the transwall was allowed
to cool with all but the test face insulated with.SO mm
of expanded polystyrene. The fan was kept blowing and
its orientation was interchanged in each case, allowing
the fan to run normally, i.e. facing upwards, with
bottom vents at the partition wall of the solar test
cell open. The procedure was then reversed, allowing
the fan to run facing downwards with the top vents open.

The experimental values of the heat transfer
coefficients, front glass to air gap, and rear glass to
room are shown in Table 3.1 for the case in which the
transwall surfaces were insulated (except the surface
under test). The heat transfer coefficients at the top

and bottom horizontal surfaces of the transwall module
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Table 3.1 Ex.perimenfal Measurements of the Heat Transfer
Coefficient, h, for a full size insulated Transwall Module,
Surface to Solar Test Cell Ambient. |

Condition of  Type of Heat Transfer Coefficient

Fan Transwall h .
Face Measured Predicted
WimZK W/m2K
)
North/Rear 6.1 8.6 - 1.2
Normal - (2)
Up position,  South/Front 3. 1.6 - 6.6
Boftom vents
open Top 5.4
Bottom 5.2
North/Rear 1.4
Downward
position, South/Front 15.4
Top vents ' ,
open Top 3.1
Boftom | 5.4

1) Trapswall surface temperature higher than surroundings.
2) Transwall height-dependent heat transfer values, from
bottom to top of transwall surface.
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were also calculated for the case in which the module

surfaces were insulated. The heat transfer coefficients

calculated represent the overall coefficients combining

radiation and convection.

3.6 Comparison : Experiment with the Two-

Dimensional Computer Model of the Transwall

3.6.1 Introduction

The experimental start temperatures were not uniform
as in the case of the small transwall module. The
average vertical temperature gradient for water inside
the transwall from top to bottom was about 1°C/m at
the start, and about 20C/m at the end of a 5-hour run,
for the case in which the transwall temperature was
higher than the surroundings. A similar situation was
found for the case in_ which the transwall temperature
was lower than the surroundings. The plots of the four
planes of transwall thermocouples (transwall higher than
surroundings) are shown in Figure 3.14(a) The end
transwall temperatures predicted by the two-dimensional
computer model are shown compared with experimental end
temperatures, in Figure 3.14(b). The two-dimensional
computer temperatures form two bands that lie in between
the two experimental extremes, the top and bottom end
temperature planes.

The top plane temperatures predicted by the

two-dimensional computer model, Curve(6), are much lower
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than their experimental counterparts. The 1likely
reasons for this undgr prediction are the inability of
the effective conductivity approach by itself to
represent adequately stratification and the uncertainty
in the actual heat transfer coefficients at the top and
bottom surfaces. This matter is dealt with more fully
in section 3.7. The plot of the four planes of
temperature is cluttered and confusing. It is believed
that the mid-upper thermocouple plane is the best
éompromise of the transwall temperature distributions
between the top and bottom extremes and this single

plane is plotted hereafter.
3.6.2 Results.

(a) Case 1: Transwall Temperature Higher than

Surroundings.

(i) Water.

The two-dimensional computer model was found to
agree reasonably well with experiment when using water
without a dye in the transwall. The two-dimensional
model slightly overpredicts the mid upper level
transwall temperature rise by 7%. The one-dimensional
model, on the other hand, seems to perform better than
the two-dimensional model because it overpredicts by 2%
relative to the mid upper temperature. This 1is

considered fortuitous because the one-dimensional
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computer model does not take into account the vertical
ambient temperature gFadients that have been found to be
significant in the computer modelling (Section 3.6.1).
Aiso the one-dimensional program will underpredict }the
absorption relative to the two-dimensional because the
former ignores shading and reflection off the bottom.
The effect on the temperature distribution of water
circulation is shown in Figure 3.15(a) in which the
Nusselt number is put to unity. The shapes of both
curves (one-dimensional and two-dimensional) show that
the net effect of circulation is to flatten the curves
substantially.

The shape of the curves at the front glass end is
similar to the experimental plot. However, the
experimental plot shows an unusual dip at the rear end
of the glass (inside glass temperature). This 1is
possibly due to cooler water entrained into the boundary
layer at this surface. Otherwise, the shapes of the
computer model curves are reasonably similar to that of
their experimental counterpart. The effect of a surface
contact resistance modelling the boundary layer is
clearly visible in bbth model curves, and the shape 1in
that region is very similar to the experiment.

The sensitivity of the variation or otherwise, of
the overall heat transfer coefficients glass to air is
examined in Figure 3.15(b). They varied in this case
from 7.6, bottom, to 6.6 W/(m2.K), top, for the. room -

side, and from 8.8, bottom, to 7.2 W/(m2.K), top, for
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the window.side. The effect of using measured mean
values of the overé}l heat transfer coefficients, for
the case in which the fan was running normal, i.e.
facing upwards with bottom vents open, are shown
compared with predicted values, height dependent, 1in
Figure 3.15(b). The measured values are 6.1 W/(m2.K),
room side, and 7.7 W/(m2.K), yﬁindow size, Curve (1).
Curve (2) represents height varying predicted values of
overall heat transfer coefficients. Curve (3) examines
the effects of using 15 W/ (m2.K) for the window side,
and 8 W/(m2.K), for the room side. It is clear that .
the computer model is not unduly sensitive to the
variation with height of surface/air heat transfer
coefficients, or indeed to their value within limits.
This, of course, depends on their being normal
temperature differences between the surfaces and air,

30C room side, 4°C window side in this case.

ii) Lissamine Red 3GX (Water/dye solution)

When a 20 ppm Lissamine Red 3GX water/dye solution
was used in the transwall the two-dimensional computer
model, Figure 3.15(c) overpredicted the average
transwall temperature rise by 0.6°C, based on the
upper thermocouple plane, Curve (2) and by 1.40C based
on the bottom thermocouple plane, Curve (1). Hence, the
two-dimensional computer model does not perform so well
in this case, and the reason is unclear. A possible

suspect was the absorption program. But a check of
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measured transmission through the transwall with
Lissamine Red 3GX shpwed reasonable agreement, 2%, with
the program. The dye does fade to some extent over a
few weeks and this would account for some level of
overprediction. Another factor is the increased
stratification arising from the enhanced absorption
compared to that of water. It has been reported [36]
that heat transfer coefficients liquid to surface in an
irradiated enclosure are higher than if irradiation is
not present. This factor will also mitigate the
overprediction.

The one-dimensional computer model, on the other
hand performed better than the two-dimensional model.
It overpredicted the temperature rise in the transwall
by 0.70°C, based on the bottom thermocouple plane, and
it underpredicted by 0.109C, based on the upper
thermocouple plane. This is perhaps due to the fact
that the one-dimensional computer model does not
consider the stratification effects as does the
two-dimensional model. Both models do not exhibit the
"saw-tooth" 1like, [20], shape of their experimental
counterpart at the end of the run. This is a classic

feature of circulation within an enclosed space.
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(b) Case 2: Transwall Temperature Lower than

Surroundings.

(i) Water.
The two-dimensional computer model did not perform
quite so favourably when the transwall temperatures were

lower than surroundings. The model underpredicts the

temperatures by 20% as shown in Figure 3.15(d). The
one-dimensional model, however, was found to overpredict
ﬁhe transwall temperature rise by 10%. Clearly, there
is a contradiction. This is perhaps due to the complex
air circulation pattern that exists over the transwall
when the system”™s operation is reversed, i.e. the

transwall surfaces are relatively cool. The

one-dimensional model ignores stratification, ambient
temperature variations, and performs better. in  this
case. Another contributing factor is that the actual
overall heat transfer coefficients surface /air could be
much higher than predicted by the two-dimensional
computer model, or measured from experiment, Table 3.1,
which was undertaken with the transwall temperature well
above that of the room. The computer predicted values
of overall heat transfer coefficients varied in this
case from 8.6, bottom, 7.1 W/(m2.K), for the room
side, and from 8.8, bottom, to 7.3 W/(m2.K), top, for
the window side.

The shape of both curves (two-dimensional and

one-dimensional) resemble the experimental plot on the
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window side. However, the dip in the experimental plot

on the room side (inside glass temperature) is again

possibly due to circulation phenomenon. Otherwise, the

shapes are also reasonably similar to the experimental

plot on the rear side as well. The effect of the

"surface contact resistance" i.e. boundary layer on both

model curves is pronounced.

ii) Lissamine Red 3GX (Water/dye solution)

When the two-dimensional computer model was applied

to the case with a lower transwall temperature and with

a water/dye solution, 20 ppm Lissamine Red 3GX, the

model was found to overpredict the average transwall
temperature rise by 34%, while the one-dimensional

computer model seemed to perform better by

underpredicting the transwall temperature rise by "15%.

The computer-predicted plots of the two models are shown

in Figure 3.15(e). The two-dimensional model is more

consistent than the one-dimensional in the sense that it

overpredicts irrespective of the direction of the heat

transfer transwall surface to air.
The shape of the two-dimensional model curve is
consistent at both ends with the experimental plot,

while the one-dimensional model curve shows a slightly

steeper gradient from outer glass surface to the inner

glass surface at the front side of the transwall. This
is strange for a lower transwall temperature that is

receiving heat transfer from the surroundings.
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b

3.7 Stratification Effects: Computer Predicted Vertical

Temperature Profiles vs. Experimental Plots.

The plots of the computer predicted vertical
temperature gradients compared with experimental plots
are shown in Figures 3.16(a-e). Figure 3.16(a) shows
the gradients for the case in which the transwall
surface temperature was higher than the surroundings.
The effect of varying vertical effective conductivity
factor (ratio vertical to horizontal effective
conductivity) from 0.1 to 1 is shown in Figure 3.16
(b). Similarly, Figures 3.16(c) and 3.16(d) show the
case for the transwall surface lower than the
surroundings.

The case for a water/dye solution, 20 ppm Lissamine
Red, is shown in Figure 3.16(e), for the surface
transwall temperature higher than the surroundings. The
experimental gradient here indicates higher temperatures
at the top and bottom, which suggests circulation drive
because of enhanced volumetric absorption by the dye.
The central core, on the othér hand, is much cooler.
Clearly, the circulation pattern is much more complex.

In conclusion, it appears that the computed vertical
temperature gradient is adequate for the bottom third,
Figures 3.16(a-d), but too small for the remainder, and

cannot on this evidence, provide a reliable gradient.

124



0.9

[CLEAR WATER 1 | | - TW HIGH
0‘ S i . { -
T

W 0.4 J

H .
E 0.3t . "

(m)] :
}Gi 0.2} % += 5 .

E g !

T & = !
0.1 % 5 ‘ ‘
(start) (finish)  predicted (2D)

T T
TRANSWALL VERTICAL TEMPERATURE (°C)

Figure 3.16(a) The transwall vertical temperature profiles. Surface
temperature of transwall is HIGHER than the surroundings. Vertical
effective conductivity factor, r, equals unity.

(:I- 6 R ¥
CLEAR WATER

<

-
e

—
>

= —

H —
(mE (.3} / 3 E -
i ;.r
ﬁ 0. ¢ "é "g‘ .}I -
T g z 4
0.1F % oy w7 :
Y] N4 / /
(start) (finish) pr:edicfedl(Z-D)

19 0 o 2 @ o4 % 6 &

TRANSWALL VERTICAL TEMPERATURE °C)

Figure 3.16(b) The transwall vertical temperature profiles. Surface
temperature of transwallis HIGHER than the surroundings. Vertical effective
conductivity factor equals 1, Curve (1); 0.5, Curve (2), and 0.1, Curvel(3).

124a



0.6 CLEAR WATER ' ' " Tw LOW
05} / ' .
T
oo 4t .
H

ME 0.3} i
I
T é’ -':,\ é
& i o @
0, 1 e %_ .;I é g .
Olstarf) predicted (finish)
20 oe 24 P | 28 30

TRANSWALL TEMPERATURE (°C)

Figure 3.16(c) The transwall vertical temperature profiles. Surface
temperature of transwall is LOWER than the surroundings. Vertical effective

conductivity factor equals unity. ,

06 e ' ' TW LOW

—i
<
oy
T
\\
u—.""‘-(p\;;:‘:!
'

3,
=1
<
[ }
(AN
2

I I
# il
g 0 P = ' +=
T £ =
0.1 ;l:- 2 R J;'}‘/ %
=k /I,
0 [start) predicted  (finish
20 74 2 30

TRANSWALL TEMPERATURE (°C)

Figure 3.16(d) The transwall vertical temperafure profiles. Transwall surface
temperature is LOWER than the surroundings. Vertical effective conductivity
factor equals 1, Curve (1); 0.5, Curve (2), and 0.1, Curve (3).

\ 124b



-K4lun sjonba U Uojany K}IALJINPUOD B3AL4I3Y40
_S_tm> *sBuipunoddns ayy uoyy Jaybly ||DMSUDSY 40 SaunjnJadway
304405 "s3jijoud 3unjptadway |0I1JaA ||DMSUD]  (3)91°E ddnbiy

(3) FUNLYHIAUIL WITLYEIN TIWMSHYAL

B (i 0 b7 0 G o
pa;apaud ystugg | vl
: [ ) .. vnA. / m .
= B X 1770
< . 5 >, 1
" a X 3 3 1720 H
.-Hvl . -t ....lU? a,... Q
". H
i ’ 1€°0 Jlw)
_- I
i \ 170 !
. !
I \ 150
HOIH M1 . X9€y 1 wdd 0z -3AQ

LS =
<

124c¢



3.8 Conclusions.

~ The two-dimensional computer model of the transwall

employing the concept of "effective conductivity", and

using the explicit finite difference method has been

developed to predict the temperature distribution within

the transwall. The computer predicted results have been

compared with those measured experimentally, and the

following is concluded.

1)

2)

3)

The one-dimensional model performs fairly well
bearing in mind its limitations. The maximum
prediction error is only 18%, and with water alone
this reduces to 5%. These figures are based on mid

plane temperatures.

The two-dimensional model is less satisfactory. The
vertical variation of temperature makes a simple
representation of error rathef meaningless, but
based on mid plane temperatures this method cannot
predict temperature rises to better than 35%. This
figure is reduced to 18% for water alone with lower

volumetric absorption.

The two-dimensional model is not sensitive to
variations vertically in the surface/air heat
transfer coefficients, and apparently insensitive to

up to a 50% variation in the magnitude of these
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is recognized that the modest

coefficients. It
3-40¢C temperature differences between surface and

air may mask the latter observation.
itself

4) The thermal conductivity approach cannot by
adequately represent the two-dimensional temperature
in a transwall subject to free

variations
in the absence of a gelling agent.

circulation, i.e.

The computer program for the two-dimensional model
length of the one-dimensional

5)
4 times

is
chapter 5,

treatment,
until the suggestions for
are tested and possibly implemented.

the
and it is recommendedbthat this be used

improvement,
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Chapter 4

Application of the Transwall Models.

4.1 Introduction.

This chapter is concerned with the application of a
transwall simulation model to determine the optimum
parameters for the transwall when constructed in a house
located in the west of Scotland.
| The house is described and the heat load program
outlined. The simulation model is specified and the
equations are developed for calculating the necessary
data, e.g. glazing and'air gap temperatures. The
optimum water thickness and dye concentration are
determined. The simulation model is then used to
compare the performance of the Ames transwall module
with that of MERA. The effects of free and forced
circulation ovér the transwall, and the “quenched”™ mode,
are quantified. The performance of the ‘superior MERA
transwall is shown monthly over a year and the benefits
of operating in a sunnier climate, specifically Nice,

illustrated.

4.2 The House

The transwall is taken to be located in a house
designed on passive solar principles, viz large south
facing windows, a clerestory to transmit irradiation

into the centre of the building, light airy open plan,
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gallery etc. Photographs of the house are shown in
Figures 4.1(a,b,c) and elevation and plan in Figures
4.1(d,e). The house was the subject of an honours
project [46] and a specification of the house is given
in Appendix F. Briefly it i's the size of a typical
suburban detached house, plan area 9 m x 9 m, with a
high level of insulation in the walls, ceiling, and
under the floor. It is fitted with a heat recovery
system which uses extract éir to heat inducted air. It
has two large ‘double glazed windows facing south, of
which one is in the roof forming the clerestory, and
only a small window to the north. The windows on non
south facing walls are taken to be of Kappafloat

construction.

The transwall is located as shown in Figures
4.1(a,b,c) and is built 5 modules high by 7 modules  long
giving a surface area of 25 m2 and a building volume
to transwall surface ratio of 20 m3/mZ2. This 1is
quite high, and, for example, it does not compare well
with a single story roof pond building which might have
a‘ratio of closer to 5m3/m2 aperture area.
Provision can be made to install a low 10 module
transwall on the balcony which would increase the
transwall area by 30% to 32 m2. The balcony transwall
will have lower heat losses than the main walls but this
is counter balanced by partial roof aperture shading

early and late in the day.

A possible method of constructing the wall is to
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Figure 4.1(a) The House-Front View (South)

Figure 4.1(b) The House- North, showing the
plan view. The transwall modules can be
clearly seen in the background.
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Figure 4.1(c) The House - End View, showing
the thicknes of the modules as seen through
the sun roof (see 1).
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locate the modules in a standard steel shelving system
such as Link 51 Handy Tube. This system is versatile,
easy assembled on site, visually acceptable, and
available in a cut to length option. A 3 x 6 module
framework was stressed [47] using a plane frame stress
analysis, program PL Frame 15. All joints were taken as
rigid, except at ground level where they were pinned.
Thé two largest stresses, bending and axial, were found
to be within the maximum values permitted for the frame
section. The cost of the frame, piping valves, etc came
to £40/module, similar to the cost of the module
itself. It is clear that efforts to reduce the cost of
the transwall are best directed towards reducing the
frame cost. In fact, the link 51 Handy Tube framework
is probably inadequate fér the 5 x 7 modules wall
proposed in this model, and if the frame is constructed
from more robust standard 40 x 40 x 3 mm m.s. hollow
square section, and with some parts pre-welded, then the
frame and piping cost falls to £23/module. This figure
excludes painting.

A photograph of a module held in a Link Handy Tube
frame is shown in Appendix A. The aluminium facing is
75 mm width and secured by box bands to the frame. The
general appearance is plain, neat and efficient. The
copperltube used to fill and syphon out the contents is
seen at 1 and this is connected to a pipe system seen at

the back of the facing at 2. A valve system concealed

within the transwall base has been designed [47] which
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allows the modules to be filled from, and drained into,
a 4 m3 tank. The module, Appendix A, 1is constructed
from 10 mm clear glass and joined by standard silicon
aquarium adhesive. The modules are supplied by a local
aquarium manufacturer [48]. The module has an upper
strengthening rib which also serves to support.a plastic
lid with a cut out for the filling/syphon tube. The cut

out is sealed by foam which permits air to enter but

excludes algae spores.

4.3 The Heat Load.

The heat load on the house was found from a computer
program, written in BASIC, which was part of an honours
project [46]. The thermal capacity of the light‘weight
construction is ignored, and it is assumed that the
heating systems maintain a constant house temperature of

.200cC. The ambient temperature is allowed to vary in a

skewed sine wave given by C.I.B.S.E. Vol A [49]. Solar
gains are obtained from the Angstrom - Page/Collares -
Pereira - Rabl [2] methods to predict the hourly beam

and diffuse irradiation using regression constants for
Aldergrove. This site in Ulster is the nearest
appropriate to the West of Scotland. A subroutine
calculates the glazing transmission from first
principles for a variety of window types. The
ventilation heat exchanger subroutine permits a variety
of systems to be tested illustrating the effects of air

change rates, effectiveness etc. When the combined
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direct gain and transwall energy release exceeds the

heat load then this excess energy is assumed to be

dumped.

4.4 The Simulation Model.

The one-dimensional model described in Section 2.2.2
was used, viz half glass.slabs, 5 water slabs with two
half slabs, floating glass/water surface heat transfer
coefficient, and floating effective conductivity. The
équations providing the irradiation absorption in the
slabs are those of Section 2.2.1 modified by the term

(1-pg)* 7%

to accoung for the double glazing. The reflectance at
the glass/air interface 1is Pgr and Tgq is the
transmission through the glazing. The slab absorptances
aré calculated for each hour, 8 wavebands are used over
the range 0.3 - 4.1 um, and polarization components. are
combined on the exit of a ray. Beam and diffuse
irradiation are treated separately.

The one-dimensional model was chosen in preference
to the potentially more accurate two-dimensional model
for two reasons. The major reason was a question of
time. The heat load program for the solar house,&
coupled with the one-dimensional transwall and
absorption programs took 4 1/2 hours on a P.C. in order
to simulate 48 hours of real time operation. The run
has to simulate two days'in order to produce a 24 hour

cycle, i.e. the start and finish temperatures must be
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similar. Thus the run representing a year required 10
days allowing for data preparation. On balance it was

felt better to tolerate this excessive running time than

to rewrite the heat load program and incorporate the
much longer two-dimensional transwall and absorption
programs into it. Secondly, essentially a comparison is
being made, e.g. between Ames and MERA systems, and
consequently inaccuracies of the one-dimensional

approach will tend to cancel.

4.5 Derivation of the Glazing and Air Gap Temperatures.

The ‘transwall is taken to be situated behind a

double glazed window.

PARNNNN

T HTL
9°5 g Tor‘ ]
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|
g
T
© = one-dimensional transwall surface
temperature
TgirTgo = inner and outer glazing temperatures
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T = temperature in air gap between transwall

and glazing at midpoint of wall

T omb = ambient temperature

hga = convective heat transfer coefficient
between air and transwall and glazing
surfaces with air circulation

hk = convective heat transfer coefficient
across air gap without air circulation
based on temperature difference

kg = as hx but between glazing sheets

hr = linearised radiation heat transfer
coefficient transwall to glazing

hrg = as h, but between glazing sheets

hamb = combined convection and radiation heat
transfer coefficient outer glazing to
ambient.

(Dg)gi,go = solar irradiation absorbed in inner and

outer glazing sheets per unit area of

transwall surface.
The first case considered is where there is no air

circulation between the transwall and the glazing,

i.e. what Ames refers to as the 'quenched' wall.
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Energy balances on the two glazing sheets:-
(I gi + hp(T-Tgi) + hg(To-Tgy) - hy(Tgi=-Tgo)
~hpg(Tgi-Tgo) =
(1) go = hpg(Tgi=Tgo) + hpg(Tgi-Tgo)

'hamb(Tgo“Tamb) =0

Solving for Tgi gives
Tgi = [cyc, T + ca{(la)go *+ hamb - Tamp}

+ 04(Ia)gj] / (c e, -c2)

where c; = c,+ c,
¢, = h. + hy
Cy = hpg + hyg
a4 = C3 + hgpp

If air circulation is permitted then similar energy

balances on the glazing give:-
Tgi = [c4hy Ty + 03{(Ia)go + hyppTamp) + c (la) gj

+C4hgaTa] / (cicy-c3)

......

where c, = hp + hgy

The radiation absorbed in the windows glazing

(I“)gi, (Ie)go is calculated on the assumption that

double reflected rays are second order and can be
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ignored. The irradiation is split into beam and
diffuse, predicted by the Angstrom-Page method and taken
to be constant over an hour. The (I&)gi, (1) go
terms are small in themselves, and it is safe to neglect
window glass absorption from back reflected irradiation
from within the transwall and to assume mean values for

the window glass transmission and absorption. The

window absorption terms are:-—
(Ia)g; = (Ip cos i + 0.5 Ig) [Tg(l_pg)z

{1 - 13 pg - 7g(l-pg) + 1(1-1)p(1=p)}]

..... (4.3)
(1) go = (Ip cos i + 0.5 1) [(1-e)[1 - 730g -Tg(1-pg)
+ rg(l-rpg(l-p){1 + (1-pg) 273+ (1-pg)27 ) ] J
........ (4.4)

The introduction of air circulation requires that

the mean air gap temperature, T,, be found. This is
calculated at a point half way up the wall of height L.

An energy balance on the air flow in the gap gives:-

T, = {macpTr + 0.5 hgaL(To‘Tgi)} / (macp + hgaL)
where m_ = air mass flow in gap/unit width
T, = room temperature and inlet temperature of
air into gap
Cp = specific heat capacity of air at constant

pressure.
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Mg = pgwWw —_ [1]’
8(Ag/A)2 + 2 T,

where p, = js the air density halfway up the duct
w = width of air gap
Ag/AV = area ratio air gap to top and
bottom vent area/m run of wall.

When forced convection is considered the mass flow rate,

M., per metre run of wall is spécified, and the
convective heat transfer coefficient found from
Akbarzadeh et al. [50] who developed it for a Trombe
wall situation.
Nu = 0.090 Ral/3

An obvious constraint in choosing a value for m, is
the fan power required. The value taken was 0.18 kg/s.
m which will give a mean air velocity of about 1 m/s and
a fan power consumption of 63 W/m run of wall. This
value is based on data for a R.S. long life tangential

fan, and it is too. large to ignore relative to the heat

release from the wall.
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4.6 Results of the Computer Simulation.

4.6.1 Optimum Dye Concentration and Water Thickness.

Figure 4.2.(a) shows plots of heat release/m2/24
hours and the irradiation absorbed in the transwall as a
percentage of a 45° incident beam of irradiation/m?
wall against the concentration in ppm of Lissamine Red
3GX dye. The curves are for the mean mid month day of
March chosen because it represents the mean performance
éf the wall over the year. The two curves are similar,
which suggest that it is sufficient to optimise the dye
concentration on the absorption of a single beam rather
than having to run the complete heat load program over a
day, or over 12 mean month days. There seems little
point in using a concentration for this dye of greater
than 10-20 ppmn. The former value could be used for
duller winter days, the latter in brighter seasons.

The plot of transwall heat release/24 hours against
water thickness, Figure 4.2.(b), shows that there is
little to be gained in having a water thickness in
excess of 20 cm and a minimum of at least 10 cm 1is
required. The ~optimum” is taken as 15 cm, which is in
agreement with Ames findings.

The optimum value of 20 ppm LR3GX dye and 15 cm
water thickness are similar to those found by Nisbet and

Kwan [7] for a transwall in a horticultural glass house.
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4.6.2 Comparison of MERA and Ames Transwalls.

The computer s%mulations were run to compare the
performance of the MERA transwall using LR3GX dye and
the Ames transwall which was taken to contain a gel
which inhibits water circulation, without increasing
absorption, and had the rear . .face  made from Pilkington
glass, Antisun Grey 41/60. This gives the same
transmission as that reported by Ames. A dye
concentration of 40 ppm was chosen in order that the
transmissions of the two modules are egual. The Ames
module was taken to have the same water thickness, 15
cm, as the MERA module and the same glass thickness, 10
mm. The latter is thicker than the 6 mm glass used by
Ames because the author regards their glass thickness as
unsafe. In deference to the Ames method of operation
air circulation between the transwall and the window was
preventéd.

The plot of transwall heat release/m2.h against
time of day is shown in Figure 4.3(a) and for the mean
mont%jéf March. At first sight it may appear that the
Ames module is the superior because the MERA module
gives 14% less heat release over the day. However, it
is contended by the author that the heat release during
the evening is the crucial index of performance, and
Figure 4.3(a) illustrates the marked superiority of the

MERA module over the hours 1700-2300 hrs. In fact, the

MERA module gives a higher heat release over the time
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1500 - 0200 hrs, while the Ames module peaks at 1230 hrs
when the direct gain ig close to its maximum. Note that
the MERA module with a ~pale” 10 ppm dye is still
markedly the superior, and even 3ppm of dye will match
the performance of the Ames module. A view through a
transwall with different dye concentrations is shown in
Figures 4.3 (d-h), pp140c-d,

The reason for the inferior performance of the Ames
module can be seen 'in Figure 4.3(b) which shows a plot
of-the ,;\MH:)} transwall temperature distribution at
noon and 1800 hrs for both'systéms. At noon the outer
surface temperature of the inner wall of the Ames module
is, as designed, higher than the MERA version, but .
ironically the outer wall surface temperature is also
higher because of the high water absorption. The Ames
module gives a rapid heat release when irradiated
because of. the high absorption in the inner glass and
the lower effective conductivity of the gel, i.e. the
effective conductivity factor* (ECF) 1is wunity. At
1800 hrs, without irradiation, the inner surface
temperature quickly falls again because of the lower
internal thermal conductivity. On the other hand the
high circulation of the MERA module, ECF 26, minimised

heat losses at noon, and at 1800 hrs the ECF is still

effective conductivity

* effective conductivity factor = —
thermal conductivity
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15 so that the inner wall surface temperature is
relatively high. Note that the transwall-glass outer
surface temperature difference at 1800 hrs is ﬁigher,
6.80C, for the Ames module compared with that of the
MERA version, 5.40cC.

The validity of the one-dimensional computer model
when representing the Ames transwall module was checked
by constructing a small module, of the same dimensions
of those of Chapter 2, except that the rear face
consisted of 4 mm Pilkington Antisun 41/60 Grey glass.
The module was filled with water gelled by the addition
of 0.05% Carbopol 941. The predicted and experimental
temperature curves, Figure 4.3(c), are similar in shape
although there is a degree of underpredictibn. The
predicted temperatures are sensitive to the accuracy of
the measured transmission through the module because it
is used to calculate the incident irradiation from the
simulator. The extinction coefficients were taken to be
that of water [26]. However, a 6 week old water-—gel
solution was used, and later visual inspection suggested
that it was not as clear aé expected. Possible
explanations are either some separation of the water and
gelling agent or more likely, contamination by dust.
The sensitivity of the temperature prediction to a
reduction in the transmission of 5% is shown Figure
4.3(c). In this case the match is good except for some
‘over prediction at the reér face which is probably due

to uncertainty in the heat transfer coefficient at that
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Figure 4.3(d) A view through a transwall filled
with clear water.

Figure 4.3(e) A view through a clear water
filled franswall with Anfisun Grey forming

the rear plate of the franswall.
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face.

4.6.3 Effect of Air Circulation.

The effect of air circulation between the transwall
and the window was examined for the MERA module for the
three cases; no circulation (Ames ~quenched” wall), free
convection, forced convection. The plot of heat
release/m2.h against time, Figure 4.4 shows that there
is little practical difference between no air
circulation and free convection over the key time
interval 1700-2300 hrs. This is scarcely surprising
because the transwall surface temperature driving the
free convection is low relative, say, to a Trombe wall.
There is a slight trend for free convection to give a
higher output at mid afternoon and lower during the
early hours of the morning. A decision to circulate or
not is likely to be based on more mundane‘considerations
such as the prevention of air circulation will avoid
cleaning the glass surface of the air gap.

If forced circulation is employed to boost the
thermal output of the transwall then clearly it cannot
be allowed to operate continually otherwise the window
will act as a substantial heat sink. Figure 4.4 shows
the effect of forced convection over the time period.
1700-2300 hrs at a rate such that the mean air velocity
is 1 m/s. The plot shows that the window is already
acting as a heat sink. Couple this with a fan energy

consumption of 63 w/m run of the wall then clearly
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forced convection is not recommended for a transwall.

4.6.4 Annual Energy Savings.

The contribution of the transwall, and the direct
gain through the transwall, to meeting the mean heat
load for each mean month day is shown in Figure 4.5(a).
The direct gain through the transwall is shown
separately because this is not available to an opaque
storage wall. The site is the West of Scotland and the
heating season is taken as September to May inclusive.

It is fair to say that at first sight the fractional
saving is unimpressive. Little savihg can be expected
in a winter maritime climate, 5% transwall, 12%
transwall plus direct gain, but the spring and autumn
savings of 17% transwall only, 30% transwall plus direct
gain through the wall are more impressive. Nevertheless
.it_was thought that the transwall would perfbrm better
at around 25%. The author believes there are two main
reasons for this, the low level of mean irradiation in
the West of Scotland and the high building volume,/m?
transwall used in the design. Taking the latter reason
first, if a low 2 x 5 module transwall is located on the
balcony then the spring/autumn transwall contribution
would rise from 16% to about 23% allowing for the
improved efficiency, i.e. lower heat losses.

The effect of locating in a sunnier climate,
specifically for a site in Nice, is shown in Figure

4.5(b). Here the heat release/m2.h is shown for April
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for two sites. The difference in heat release is
startling, an increase of 300% for the site in Nice,
which means that the transwall provides 58% of the heat
load. In addition, the heat 1load in Nice is much
reduced. Over a year, the transwall provides 43% of the
heat load, and 18% direct gain through the transwall,
Figure 4.5(c), for Nice. Figure 4.5(d) shows a plot of
the big difference in solar irradiation for the two
sites, and a plot of the cosine of the incidence angle
is given because the higher irradiation is modified by
the higher altitude angle.

It is concluded from this that the transwall is a
valid thermal proposition for sunnier iocations, e.g.
the east of the U.K. rather than the west. Improvements
can be made. The house can be redesigned to increase
the transwall area per unit building volume, and tﬁé
irradiation can be boosted by an exterior reflective
coating of, say, marble chips or a water surface.
Finally, the other benefits of a transwall must not be
ignored, i.e. light open aspect with protection against

UV degradation and excessive temperature swings.
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Conclusions.

" The following conclusions resulting from the

simulation runs are summarised:-

(1)

(2)

(3)

(4)

(5)

The MERA transwall system using a water/dye is
superior to the Ames system using a gel and a

solar absorbing glass wall.

The optimum dye concentration range of

Lissamine Red 3GX is 10-20 ppm.
The optimum water thickness is 15 cm.

The difference in performance of a transwall
without air circulation between the wall and
the window, and with free convection, is
insignificant. Forced convection should not be

used.
The transwall system is well suited to sunnier

climates, and consequently it is not seen at

its best in the West of Scotland.
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Chapter 5.

Future Work, Summary and Conclusions.

5.1 Introduction.

The concluding chapter suggests future work that
could be done to improve further the performance of the
computer simulation of the passive solar system. It
also gives the summary and conclusions on the work that

has been presented in this thesis.

5.2 Future Work.

The computer model of the one-dimensional transwall
temperature distribution is believed to perform
reasonably wellbbearing in mind the fundamental
limitations on the method and substantial improvement is
unlikely. The two-dimensional model has not performed
as well as was originally thought likely because of the
difficulty in accounting for stratification. If it is
thought that an improvement over the one-dimensional
model is required then the thrust of any future computer
modelling should be directed towards better accounting
for this phenomenon. However, due regard should be paid
to a prerequisite that any such changes should retain
the relative simplicity of the current approach when
compared to the method of the volumetric balancing of
mass, momentum, energy, with its long computer running

e

time.

On the basis of ~“further work~™ two possibilities are
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suggested to account for temperature stratification in

the two-dimensional mpdel, namely,

1) To allow a partial redistribution of the enthalpy
rise in the first water 1/2 slab to the upper 1 1/2
slabs using the two-dimensional analysis.

2) To split the transwall into two halves, the upper
and the 1lower, and then apply the one-dimensional
analysis to both halves, and make vertical
temperature adjustments between the two halves using

dimensionless correlations.

5.2.1 Concept: The Partial Redistribution Of the

Enthalpy Rise In The Transwall.

It has been demonstrated herein that the concept of
effective conductivity can represent adequately the
effects of circulation in a horizontal plane. In order
to do so in the vertical direction it needs to be
boosted by transferring some of the enthalpy rise from
the circulation boundary layer adjacent to the outer
wall to the upper volumes. Which volumes and the
fraction of energy removed is a matter of trial and
error. On the basis of five volumetric slabs vertical, .
with half slabs top and bottom, the upper half slab, 6,
will have a depth of 6 cm, and evidence suggests that
the vertical slab, 5, will also have to be involved. By
day the enthalpy involved could be a function of the
irradiation absorbed in the first water half slabs, and

by night the enthalpy removal would be a function of the
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enthalpy rise of the water slabs abpve mean room ambient
as datum. The former argument is justified by the
observed, and reported [51], fact that temperature
stratification increases with increasing horizontal heat
flux. It may be necessary to superimpose the two
enthalpy removals by day. Clearly the energy transport
must balance within the transwall.

Consider a simple model shown in Figure 5.1
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Figure 5.1(a) Transwall Slab Arrangement Figure 5.1(b) Circulation

Let (I“)3,j irradiation absorbed in first water slab

Fs = stratification parameter, which might be
a constant or a function of the irradiation and/or

transmission through the transwall.
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(M-1)

Then energy removed from .
- g oy (1 - & Fo)
first water 1/2-slabs

j=-,

(M-1)

Energy gain R . I J
i=3, j=6
{ pAAE YO }= (1), j(1- = Fy)
M

slabs 2(N-5)
j=0
(M-1)
Energy gain 1 J
{i=4e(N—3),j=6}= —_— (Ia)s,j(l— - Fg)
for each slab N-5 M
j=1

An initial trial value of F_ would be 0.05.

If this energy redistribution proved inadequate to
the task of reproducing the temperature stratification
gradient then it might be necessary to redisribute some
energy to the slabs in horizontal row (M-1). These
slabs have twice the volume of slabs of horizontal row
M, and therefore an equal distribution to rows M and
(M-1) would make sense.

When irradiation ceases the (Ix)3'j term could be
replaced by

ab
[Pw(“; Yepw(Tj = Tamp,j) ] for Tj > Tamp, j

where Tamb.j is the ambient temperature at station j.
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5.2.2 Correlation Factors for Stratification.

If the energy redistribution method cannot
adequately reproduce the vertical temperature gradients
then an alternative would be to treat the transwall
module as a series of tiers of one-dimensional systems,
and with the mid slab water temperatures linked by a
dimensionless correlation. The number of tiers
envisaged is three at most, and two might well suffice.
Clearly the adjustment of the temperature must be such
that the overall energy balance of the transwall 1is
maintained.

There appears to be a dearth of papers published
which enables the vertical temperature gradient to be
predicted in the precise situation of the transwall,
i.e. side induced irradiation of a water filled
enclosure. In fact there does not appear to be  many
which deals with the vertical gradient in a salt-free
water filled enclosure without_ an inflow and outﬁlow.

In an interesting paper on stratification in a large

tank (3.5 m high, GrL_1013) Purslow et al. [52]

plotted
y T(y) - T,
- Vs
H 2(T - Tc)
where y = vertical distance
H = height enclosure
Tc = temperature cold face
T = mean enclosure temperature
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However, it was clear that a simple relationship does
not exist and the temperature gradient is a function of
the heat transfer rate from the hot to the cooler face.
The view was expressed that the situation in an
enclosure is sufficiently complex for simple scaling
laws to be invalid, and that the heat transfer across a
cavity is affected by stratification.

Snider and Viskanta [51] irradiated water from above

in a plexiglass tank and the temperature distribution

shows a marked difference to the transwall.

o\\,’ sxaft
5}/’ fH'HSh
S
<
N ,’
a ¢
£~ )
=2 '
v '
: irradiated
: from above
temperature

The temperature gradients at the start and finish of the
vertical irradiation are markedly different, whereas the
transwall vertical temperature gradient seems reasonably
independent of time' for a given constant irradiation
flux. However, they also comment that the temperature
distribution strongly depends on the volumetric
absorption of radiation. It is conceded that the

transwall and vertical irradiation cases are not

similar.
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Kutateladze et al. [53] noted that the turbulent
free convention flow in a vertical slot produced a
central core of fluid which was stably stratified, and

provided a simple correlation to give the gradient:

H dT.
- =2 = 0.35
ATy dx

where H = height of slot
| Aanrﬁgil temperature difference.
However, the correlation gives a gradient 1/3 that of
the transwall, which is not surprising considering the
physical difference of their experimental system and the
transwall situation.

Bergholz ([54] investigated natural convection in an
enclosure but without irradiation. Unfortunately, the

work seems to imply a preknowledge of the vertical

temperature gradient, but it can be reworked to provide

an expression,

1 SD 1
7={_(_)R3D}
' 4 AT

vertical temperature gradient

where S =
D = distance between vertical walls
AT = wall temperature difference

Curves are given for the critical Grashof number vs 7

and thus if Gr_ jis known S can be found. But this is

not particularly helpful because Gr, js the Grashof
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number at which boundary layer flow becomes unstable and
for the transwall case Gr:s 7 did not lie in the field

plotted.

It might be possible to correlate a vertical

temperature gradient term with the Rayleigh number,

RaL,

radiation absorbed

e.g. ratio =
energy conducted

and call it say, the stratification number, S,

Therefore, s quz _ QgL
£ ke at i ke tg
where Ak = radiation absorbed/unit volume
L = depth water, (m)
ke = effective conductivity in vertical
direction, (W/m.K)
At = vertical temperature difference over
length L, (K)
tg = temperature gradient, At/L
Then S, = a RaLb
where a = constant to be determined
b = another constant, possible 1/4 for

laminar flow.

5.2.3. Summary of Improvements to the Experimental

Apparatus

Some of the experimetal errors and uncertainties
could be reduced by improving the experimental set up.

The following ideas are suggested.
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1) Confining the simulator behind the glass partition.

2) Proportional tgmperature control system in the
laboratory.

3) More lamps for the simulator, perhaps 5 working
lamps.

4) Better cooling system for the solar test cell that
does not involve air blasting over the transwall.

5) More thermocouples to give glass temperatures in the

vertical plane.

5.3 Summary of the Achievements of this Programme

of Work

This thesis presents a unique water-dye version of
the transwall passive solar system which the author has
demonstrated superior to the established Ames system.
The general superiority of the transwall system over'
rival passive systems has been argued. Specific
conclusions are presented in the next section.

The author has developed and validated a
one-dimensional computer model of the transwall which is
a valuable design tool capable of running on an IBM PS
Computer or a suitable mainframe. No other program is
known which can reproduce as well the phenomena within
the transwall, and account for the actual or predicted
variation of solar input, and yet run on a personal
computer. The temperature distribution within the

transwall, and its heat storage and release, given by
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the program agrees well with experiment subject to the
limitations of the qne—dimensional approach. Spectral
extinction coefficients for a dye, LR3GX, various
glasses and a gelling agent are presented. The spectral
problems of a tungsten-halogen solar simulator are
extensively reported, and the manner in which they were
overcome to give good agreement between predicted and
experimental values is detailed.

An existing two-dimensional solar absorption program
in BASIC has been completely converted into FORTRAN 77
and extensively modified to adapt to changes in program
modelling the temperature distribution. The error in
using a one-dimensional solar absorption model, rather
than two-dimensional is quantified, and good agreement
is obtained between predicted and measured
traﬁsmissions.

The author has develbpeﬂ a computer program which
gives the two-dimensional temperature distribution
within the transwall. Experimental verification shows
that the program works reasonably well in horizontal
direction, but the effective conductivity approach of
itself cannot accurately reproduce the stratified
vertical temperature distribution. The author contends
that quantifying this deficiency provides valuable
knowledge. Suggestions are made for further work to
improve the prediction of the vertical temperature

gradients.

Finally, the one-dimensional computer model of the
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transwall has been applied to the crucial comparison
between the MERA watgr-dye version of the transwall and
the solar absorbing glass/gelling agent version of
Ames. The author has shown that the MERA module has the
superior performance,'lower cost, and is more robust in
construction. The application of the computer model to
a solar house design has established essential optimum
parameters, i.e. dye concentration, water thickness, and
the insensitivity of the system to free air circulation
between the transwall and the window. The energy saving
produced by the transwall is unfortunately typical of
what might be expected of passive solar systems in the
West of Scotland with its poor record of sunshine. The
benefit of operating in a sunnier climate, the South of
France, has been quantified.

The author contends that the work reported herein
will advance the cause of the transwall passive solar

system, and the essential materials is worthy of

publication.

5.4 Conclusions.

The work reported herein gives rise to the following
conclusions:-
1) The computer model of the one~dimensional
temperature distribution in the transwall gives a
distribution whose shape is a reasonable match to

that produced by experiment. The temperature rise
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2)

3)

4)

predicted is to within 18% of measured values for
the transwall~module irradiated by the solar
simulator, and to within 18% for the full size
module under solar irradiation. The comparable
figure is 10% for a small transwall module filled

with a gelling agent and having one wall of solar

absorbing glass.

The one-dimensional computer prediction of
transmission through the small transwall module
agrees with experiment to within 6%, and to within

10% for the full size module.

The transmission through a transwall module
irradiated by a solar simulator is liable to an
error of up to 13% if the energy 1levels of the
spectral wavebands are assumed to be those of air
mass 2. The variation of the waveband energy levels

with voltage should be taken into account.

The shape of the predicted two-dimensional
temperature plots is broadly in agreement with
experiment, aside from the expected fundamental
inability to reproduce the experimental slight vee
configuration. The accuracy of the predicted
temperature rise is more difficult to assess for
multiple horizontal planes, but taking the extreme

case it is no better than 35%.
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5)

6)

7)

8)

9)

The one-dimensional treatment of volumetric
absorption will under predict the absorption of the
inner water and glass slabs by 10% when compared to

the two -dimensional approach.

The concept of effective conductivity can be applied

with confidence to the one-dimensional treatment of
the transwall, but it is demonstrated that it
cannot} by itself, reproduce accurately the vertical
temperature distribution. The error will increase

with increasing volumetric irradiation absorption.

The MERA version of the transwall module with 3 ppm
of LR3GX dye gives the same heat release over the
period 1700-2300 hrs as the Ames version, and 44%
more with a pale 10 ppm LR3GX dye concentration.

The cost of the MERA module is 80% 1less than the

Ames version.

The performance of a transwall is insensitive to
whether or not there is free air circulation between

the transwall and the window. Forced convection

should not be used.
The optimum dye concentration of Lissamine Red 3GX

is in the range 10-20 ppm. The optimum water

thickness is in the region of 150 mm.
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10) The energy savings for a transwall equipped solar
house in the Wesp of Scotland are 30% in Spring and
Autumn, 12% in winter, based on energy release plus
transmitted direct gain. The figure for the heat
release only are 17%, 5% respectively. The

Spring/Autumn figure for a location in Nice is 58%.
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APPENDIX A

The Glasgow University Transwall Design.

Glass Type <+ 10 mm clear glass
Size ;12mx 0.6m x 0.18 m
Locations 1 & 2 : copper tube for filling

and syphoning out the
contents.

Location 3 : 75 nm width aluminium facing
Location 4 : Link 51 Handy Tube
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Appendix B

B.1l. Procedure for the aligment of the Solar

Simulator

The solar simulator was aligned with the transwall
module so that uniformity of the level of irradiation
over it was maximised. Failure to do this is likely to
lead to abnormal water circulation patterns. This was
achieved by making a rotating traverse of a 50 mm
diameter silicon cell. The diameter of the traverse was
190 mm. The silicogibas mounted on a disk as shown in
Figure Bl.1l. The irradiation levels were recorded at
each quarter of a revolution, 90°.

Table Bl shows the sets of readings recorded and
they were found to agree to within * 4.5% with each
other. A closer look at Table Bl shows that the
simulator irradiance formed a somewhat stronger
horizontal band, which accounts for higher values
registered by the silicon cell at positions A and C.
The average values of irradiance at these positions
agree to about 2%. On the other hand, the irradiance
band seemed to weaken as one moves either way vertically
from the’centre as verified by lower values of

irradiance at positions B and D. The average values of

irradiance at positions B and D agree to about 0.5%.
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Figure B11 The Silicon Cell mounted on a
manually operated rotating disk.
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Table B1. Solar Silicon Cell readings for. the
. alignment of the Solar Simulator,

- IB Q
\)
A — —C
ID |
Set Solar Silicon Cell Positions
No A B C D
‘ mVv mV mV mV
1| 9958 | 9135 | 9H13 | 91.86
2 | 98.82 | 9056 9203 | 91.97
3 199.09 |97 | 9655 |9.H
Average | 99.16 91.36 9690 | 91.85




However, the working section of the simulator is formed
by the centre 3 lampg/lenses, the other 9 serve as guard
lamps/lenses. Thus the true uniform area 1is not a
rectangle as one might be tempted to believe, but aﬂ
equilateral triangle (see Section 2.3.1(c)).

The simulator angle of incidence was 59,
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Appendix C

Experiments With The Small Transwall Module:

Investigating the 13% Discrepancy in Transmission.

c.1l.1 Introduction

A discrepancy of 13% was found between the measured
and predicted values of simulator irradiance transmitted
through the small transwall cell. Possible reasons
could be that the methods of measurement and
calculations were incorrect; the glass of the small
transwall module was not Pilkington float glass as

the
specified; and that the spectrum of, solar simulator was

not A.M.2 as assumed and consequently. the fractional

energies of the wavebands were incorrect.

C.1.2 Measurement and Calculations

The method of transmission measurement and
calculations were tested by irradiating the small module
by a solar beam. The module was contained in a
collimater box in order eliminate sky diffuse
irradiation. The box contained two compartments in
parallel with a Kipp and Zonen solarimeter at the back
of each compartment. The small transwall module was
placed in one compartment and the other left empty to
act as a monitor of the constancy of irradiation. The
results of this test in Table Cl, gave 50% transmission
against 45% predicted, yielding a discrepancy of 10%.

The two tests, one performed with the small transwall
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module illuminated by the solar simulator, and this one
under discussion in which the solar beam irradiated the
small transwall module, are in good agreement with each
other, a mere 2% difference. The spectral energy bands
used for the simulator cover¢d  the range 0.3-4.1 pm,
divided into 8 wavebands. Therefore, it is ~ = evident
that the methods of measurement and their calculations

cannot be blamed for the discrepancy in question.

Cl.3 Transwall Glass Type

The possibility arose that the small transwall
module might have not been construcﬁed from Pilkington
float glass as requested. A new small transwall module
was constructed from 6 mm Pilkington float glass with a
sample retained to measure the dependancy of
transmission on wavelength. It was irradiated with the
solar simulator to determine the absorption of solar
irradiation within the new module. The test results
shown in Table C2; indicate that 52% transmission was
obtained, which is in excellent agreement with the two
previous tests.

The internal transmission of solar irradiation
through a small piece of 5.1 cm by 5.1 cm by 0.6 cm new
Pilkington glass (off-cuts) was also measured using both
a solar beam and the solar simulator to irradiate the
glass piece. The values of the internal transmission

measured using different solarimeters are shown 1in
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Tables C3, C4, and C6. Table C3 is of particular
interest: here because the solarimeter used was the Kipp
and Zonen solarimeter which is more accurate than the
silicon cells. The results of Table C3 give 80%
measured transmission when the sheet of glass was
irradiated by the solar simulator, against 81%
transmiséion shown in Table C4 for a case in which the
same sheet of glass was irradiated by solar beam - a
perfect match. 'An approximate estimate of the internal
transmission yielded 83% as shown in Table C5. The
measured transmission is boosted by about 3% by

internally reflected irradiation.

Cl.4 Extinction Coefficients

The extinction coefficients of sample of the glass
of a 6 mm small transwall module, a 10 mm glass obtained
from Coral Reef, aquaria manufacturers, and a 10 mﬁ
sheet of Pilkington glass were calculated over 8
wavebands from the runs of transmission curves made in
the Department of Chemistry at Glasgow University, for
an 0.3-3.2 micron range. A Perkin-Elmer Lambdé 9,
UV/VIS/NIR Spectrophotometer was used to obtain the
transmission curves. Table C6 shows the extinction
coefficients of the three types of glass mentioned
above. The transmission charts for the small transwall
module glass (new), Coral Reef and Pilkington glass are
shown in Figure Cl.4, superimposed on one another.

When the absorption of irradiation within the small

165



Table C3, Transmission of Solar Irradidtion through
a 5.1 ¢mx 5.1 cmx 0.6 cm sheet of Pilkington
Glass irradiated by Solar Simulator at 120 Volts

Set Simulator Kipp Kipp+ L
“No.  Voltage Only Glass  Transmission
\% mV mV |
1 120 8.624  6.898 80.0

8.608 6.883 80.0
2 120 9-667 1.764 80.3

9.658  1.750 -80.2

Average *b Transmission = 80.1

Table C&4, Transmission of Solar Irradiation through

a 5.1 cmx 5.1 cmx 0.6 cm sheet of Pilkington Glass
irradiated by Solar Beam Radiation at Air Mass 2.

Set No.  Kipp  Kipp . . °h
Only  Glass  Transmission
mvV mv
1 10.70 8.40 78.5
2 1017  8.26 ‘81,27 Average
3 10.65  B8.67 81.4 ¢ = 81.2
A 10.40  8.42 80.9
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Table C5. An approximate estimate of the infernal
transmission through 3 6mm Small Transwall Module

Waveband Extinction — &®t ~ f, foxekt
Coeff. (Simulator)
pm mt

0.3 -035 1165 0.4971 0,001 '0.0005
0.35- 0.4 21.07 0.8812 ~ 0.008 - 0.007

0.4 -06 .75 0.9319  0.265 0.247

0.6 -095 1547 0.9114  0.349 0.3181
0.75- 0.9 23.86 0-8666  0.162 0.1404
0.9-12 - 3048 0.8329 0.098  0.0816
1.2-21 1978 0.8881 0.117 . 0.1039
20 -1 5209 0.7316 0 0.0

: 0.8985,

To obtain the infernal transmission for 1 normal
ray with two reflections (internally) from. the
measurement of tofal transmission,

- \7/(1\ 2 P v
% %L’% 1-p)“Tg, ,(1+p7 T ) = 80.1
2(7\ : nv

. -~
AT (1~5)2 2 2 2,
™ ?/ =5 \%i 0.96 rEg('HOOL,, %0.9 °) = 8023
- T, ‘ Tq = 0601
g | %7 0.96%1.0013
= 83°L
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Figure C14 Transmission curves for the small

transwall, Coral Reef and Pilkington glass
superimposed on one another.
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transwall module was calculated using the new values of
extinction coefficienté thus obtained and A.M.2
fractional energies from 1literature [Paparsenos, 1983,
Greveniotis, 1986], 41% and 41.5% transmission were
obtained respectively, worse than when the Pilkington
float glass extinction coefficients Péparsenos, 1983]
were used earlier giving 45% transmission. However,
because the new extinction coefficients thus used were
calculated from experiment using basic principles, the
éxtinction coefficients were exonerated as a probable
source of this aggravating discrepancy. Only the
spectrum of the solar simulator and the corresponding
fractional energies of the wavebands remained to be
examined as a potential source for the discrepancy in

question. A treatise on the fractional energies is

already given in the text, Section 2.5.2(c).
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Appendix D

The Calibration of the Transwall Thermocouples

D.1l.1 Introduction

The thermocouples used to measured the water
temperatures in the transwall modulés were calibrated
against a platinum resistance thermometer (PRT). It was
nécessary to recheck the Ro value of the PRT before the

thermocouple calibration was carried out.

D.1.2 The Platinum Resistance Thermometer.

The PRT used was a Tinsley High Precision (No
207260) with a NPL calibration certificate Nd. ST 6533
(c).

The & and S constants Qere

o = 0.00393665

5 1.4926

where

The resistance was measured with an ASL 6 decade AC
Bridge and the Ro value was obtained using a NPL

certificated triple point cell. The Ro value was found

to be 24.5517.Q , which showed a drift from the NPL value
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of only % 0.1%

D1.3 The Transwall Thermocouples.

Chromel vs alumel thermocouples (type K) were used
to measuré water and glass temperatures for the small
and the .full size transwall modules, ambient air and
solar test cell temperatures. The wire diameter
selected was 0.2 mm in order to minimise any disturbance
and consequently the strength and stiffness of the wire
is important. It is for this reason that type K
thermocouples weré chosen rather than the more stable
type T, copper-constantan.

Thermocouples for measuring water temperatures, 15
for the small transwall module and 20 for the full size
transwall module, were calibrated against the PRT and
were connected to the Solartron-Schlumberger 3530 Orion
Data Logger via cold junctions to record the water and
glass temperatures. A good external cold junction gives
better accuracy than the internal reference in the
logger.

The cold junctions consist of pairs of 1 cm by 40 cm
glass tubes down which run thermocouple wires together
with a corresponding wire from a pair of insulated
copper wires. The thermocouple wire is split, one wire-
running down each tube and gently twisted with a copper
wire at the lower end of the tube. The twisted pair is
immersed in about a 4 cm column of mercury to give good

electrical and thermal contact. The mercury column is
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sealed by pouring melted paraffin wax down each tube.
The copper wires are joined on the other end to the data
logger or to a heavy duty thermocouple switch. The cold
junctions were immersed in a crushed ice/water mixture
held in large Dewar flasks. The composition of the
ice/water mixture was given the standard column test,
i.e. a 1/2" core of ice/watef was extracted and tested
to see if it stood without collapsing. The ice/water
was handled with gloves and the water was air saturated.
The thermocouples were immersed in a 39.7 cm by 29.5
cm by 23.6 cm stainless steel water bath equipped with a
Gallenk§mpf Thermo Stirrer 100 to control the water
temperature. The calibration temperature range was
15-40°C raised at 5°C intervals to the next
temperature after each 1/2 hour. Small plastic balls,
about 15 mm o.d. were placed on top of the water ‘level
in the bath to act as an insulation, primarily aimed at

preventing evaporation and subsequent excess heat loss

from the bath.

Dl.4 The Small Transwall Module Thermocouples=

The small transwall thermocouples were held in a
grid support and arranged in three horizontal planes of
five thermocouple rows from the front to the rear end of
the support. The positions of the thermocouples from
the front to the rear end of the small transwall are
shown in Figure Dl.4. A second order polynomial curve

fit was made to obtain the calibration correlation
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NOTE : All dimensions are in millimetres.
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Figure D1L The positions of the.small transwall
module thermocouples in a grid support.
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Table D1.

Correlation Equations for the Small Transwall

Module Thermdcouples.

Thermocouple Correlation Equation
No. t, = at? + bt + c
1 (-3.6558E-4)t2 + (0.99905)t - 0.01946
2 ( 6.9412E-4)t?2 + (0.95544)t 0.58329
3 (-4.3107E-4)t2 * (1,00752)¢ + 0.14551
4 (-6.5555E-4)t2 + (1.03437)t - 0.86893
5 (-4.4389E-4)t2 + (1.03874)¢ 0.66927
6 (-3.0377E-4)t2 + (0.99371)t - 0.16193
7 ( 2.9229E-4)¢2 4+ (0.87716)t + 0.67489
8 (-3.4928E-4)t2 + (1.01903)t 8.39643E-3
9 ( 2.4805E-4)t2 + (0.97975)t 0.31222
10 ( 2.4161E-4)t2 + (1.00019)t - 0.63863
11 (-4.1308E-4)t2 + (0.99541)¢ 0.40675
12 (-3.2950E-4)t2 + (1.01504)¢ 0.35189
13 (-1.9114E-3)t2 + (1.07654)t - 1.21536
14 (-2.0868E-3)t2 + (1.12945)t 2.68164
15 (-2.0601E-3)t2 + (0.86264)t + 2.08696
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equations for the small transwall thermocouples. Table

D1 shows the corrglation equations for individual

thermocouples. These correlations give the deviation

from the standard tables rather than the true form.

t =38, + aj (mvV) + ay (mV)2

where mV is the millivolt reading.

D1l.5 The Full Size Transwall Module Thermocouples

A The thermocouples of the full size transwall module,
sometimes referred to as the thermocouple ~fingers™,
were used to measure the temperatures of a full size
transwall module placed in the solar test cell at the
Mechanical Engineering Research Annexe. |
The thermocouples are arranged in pairs of five
thermocouple "fingers", each set of five 1lying on a
horizontal plane. Each ~“finger” is formed by a length
of hypodermic tubing with the thermocouple wires
protruding 20 mm. The ~fingers”™, are attached to
vertical ‘hypodermic tubes that can be raised, lowered
or rotated by clamps inside the water bath or the full
size transwall module.
The thermocouple fingers were interlaced with each
other in pairs, with one set of five fingers, chosen
arbitrarily as a reference and then moved to the second
set of five. Twenty full size transwall thermocouples
in the sets of (1-5), (5-10), (11-15) and (16-20) were
interlaced randomly with each other. Figure D1.5 shows

on the far left corner a vertical orientation of the

171



Tww Ul suolsuawip |V
g|dnojowdayy ayy jo maia uoyd ay; ¢

"sJabuiy

g 24nbly

\

9 3Sve

\_SSv 7

98¢

=

o~
~

i)
(G-

(S1)

06

5

171a



Table D2. Correlation Equations For the Full Size Transwall .

Module Thermocouples.

Thermocouple ~Correlation Equation

No. ty =at?2 + bt + ¢

1 (-1.5466E-3)t2 + (1.09856)t - 1.60859
2 ( 1.0045E-4)t2 + (0.99408)t + 0.19186
3 (-1.6946E-3)t2 + (1.10549)t - 1.68121
4 (-8.2708E-5)t2 + (1.00593)t + 0.04829
5 (-1.7327E-3)t2 + (1.10706)t - 1.59158
6 (-3.6819E-4)t2 + (1.01929)t - 0.21150
7 (-5.2282E-4)t2 + (1.03126)t - 0.56831
8" (-1.6543E-4)¢2 4+ (1.00341)t - 0.02997
9 (-5.7233E-4)t2 + (1.03293)t - 0.62875
10 (-2.1245E-4)t2 + (1.00731)t - 0.10699
11 (-1.1732E-3)t2 + (1.06617)t - 1.18862
12 (-4.0426E-4)t2 + (1.01702)t + 0.21917
13 (-1.1172E-3)t2 + (1.06312)t - 1.03507
14 (-2.6585E-4)t2 + (1.00808)t - o 03507
15 (-9.4186E-4)t2 + (1.05204)t - 0.86612
16 ( 1.5637E-4)t2 + (0.98701)t + 0.35636
17 Y (-4.2427E-4)t? + (1.02492)t - 0.36279
18 ( 2.9733E-4)t2 + (0.97824)t + 0.52423
19 (-2.2522E-4)t2 + (1.01145)t - 0.12148
20 ( 4.4831E-4)t2 4+ (0.96779)t + 0.74428
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pairs of thermocouple fingers from the base glass, as
well as the plan view of the interlaced thermocouple
probes as they appear during the normal test operation
of the full size transwall module. Figure Dl1.5 also
shows the actual distances in centimeters, of the
individual thermocouples from the south facing glass, or
front face of the tfanswall glass tank.

A second order polynomial curve fit was also made to
obtain the calibration correlation equations for a full
éize transwall module. Table D2 shows the correlation
equations for each thermocouple. Similarly, as with the
small transwall module, these equations only give the
deviation from the standard tables, rather than the true
temperature which would have the form:-—

t = a, +a; (mv) + ag (mv)?
where mV is the millivolt reading.

\

Dl.6 The Radiation Flux Correction.

Paparsenos [26] investigated the radiation
correction for the thermocouples in the small module.
irradiated by the solar simulator. He found that a
correction of 0.5% was required for thermocouples on the
outer glass surféce, 0.259C for the thermocouples on
the inner glass surface (glass/water interface) and no
correction was necessary for the water temperature

measuring thermocouples more than 5 mm from the latter

surface.

172



Appendix E.

E.1 Refractive Altitude and Azimuth Angles.

3 >~(:L ’ranQC:L Sln'OC
Cos ag cos 4

o Llcosqg

When calculating shadow factors it is essential to find where the
limiting beam strikes the horizontal and vertical planes of the
various slabs. This is easily done wusing the altitude, a, and

solar azimuth angles, ag, angles.

Consider any ray bsc on the Figure above. It is required to find
the distances x and y, i.e. ab and bc. From the triangles acd, acb
it is seen that:

L tan «

COos ag
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L sin o L sin o
or X = =
COS ( cos ag cos |
where i = angle of incidence
L L
equally y = =

cos ag COs W cos |

Unfortunately in a transwall the incident ray is bent and the

altitude and solar azimuth angles calculated in air do not apply.

It is essential, therefore, to calculate effective altitude and

azimuth angles for each material o f different refractive index.

It is important to note that the incident and refracted rays lie

in the same plane

‘ \ane:
cewing P
Consider the incident Rec
7 S
beam BO striking a -9
south facing receiving
plane.
0S ="normal, (
AABC is parallel to B
the receiving plane, si of
OA is of unit length, Na cost
i = 1incident angle, 0 0 “COSGSC
r = refractive angle, ag — B
C0S Qs ine¢
o, = altitude of refracted 1 cosi
' A C
ray,
. A tana C & 2fcm.aS
ag, = solar azimuth angle

of refracted ray.
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The angle of inclination
of the incident plane, 8;
will be the same as the
angle of inclination, 8,

of the refractive plane.

The angle © is given by
AABC:
sin o

6 = tan~1( )

cos 1 tan ag

tan o E 1
= tan™ ' (——7m—) ...(1 :
an”( ALY . tanr ¢ fanr D
sin ag tanr sine 0 O\a
F se
fant coso O 1 /Egsf
The refracted s ol ar St
azimuth angle, ag,,, from 0 C% FTQHFCOS%
AO'FD : tanr sine SF
g, = tan '(tan r cos 0) d S D
.. (2) r
The ~refracted angle, a,, form AO'OD:-
tan r sin ©
0y = sin™1( ) -
‘ 1/cos r
= sin"1(sin r sin 8) ...... (3)

When the ray passes from glass to water it will be bent again,

but it will still lie in the same incident plane inclined at the

same angle © to the horizontal.

®r; = second refracted angle
ag,, = second azimuth angle
Opy = gin '(sinr, sin 8) ...... (4)
agp, — tan"'(tan r, cos 8) ...... (5)
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E2. Reflections at the Bottom Glass (Base).

C

0

g\-;—

£ g

— G

. | ggj

NP =

| S Qo © O

AX RS
J___ /]

s ry, 133
sin = sin(90°- )><151

NB (i) the full line ray {in one_plane)
is different plane fo llmmng ray
(ii)both rays inc med fo paper

eq'l

o«‘“
X (,0

‘er t ty
”/fagzgrz

The limiting ray to receive irradiation reflected from glass/air

interface at the bottom = AX,

tan o,
where AX = t,,
coSs ag,

An acceptance factor is defined

AF(J), so that Afor slabs above

o

|
pt——— AX e

the limiting ray (ht. > AX) for2 + b INT (AX — b/2)/0Y| |
AF(J) = 0 l
For the slab hit by the limiting ray, T

Ax-{b/z + b INT((AX - b/2)/b}

AF(J) =
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E3. Beam Irradiation.

E3.1 Beam Irradiation, Outer Glass.

E3.1.1 The Shadow Factor, SF.

0 if the slab does not receive

SF,(J) =
any reflected irradiation.
SF,(J) =1 if all of the slab receives

reflected irradiation.
SF,(J) = 0-1 part of the slab receives

irradiation.

Shadow Factor.

e X,

I
_——— b

RX = displaéement of beam through glass.
tan o,
RX = tg (see Appendix E1)
coSs ag,,
tan o,
Xl =t,
COS agp,
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Y = SX - b

(i) slabs getting full , 6 ,' M+ 1
reflected irradiation . -
— (M-1)-INT(Y/b) R ‘
N . B
(ii) slab number getting }
part irradiation _ : _ all gEleng
. 3r rad
= M - INT(Y/b)
2.k }b
(iii) shadow factor of slab
hit by boundary ray 1 brrrer

b - (Y - INT(Y/b)xb

. SF,(J) = 1 - Y/b + INT(Y/b)
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E3.2 Beam Irradiation, Inner Glass.

The inner glass slabs will 1in addition to receiving beam
irradiation directly, have its wupper slabs shaded by the 1id

and its lower slabs irradiated by reflected irradiation from above.

Not e; For § wvertical

slabs of the MERA transwall

only the top 13 slabs will

be in shadow for latitude 56° .

water

SY = RX + X,
(M1)= 6 (£ 4350
tan oy, tan oy, §5—}F- Ib
= tg + ty, -
cos agp, COS agp, b ——
where o4.,, agp, = refracted altitude 3= .
and azimuth angles 2 T
in glass. 1 7777

Qp,, 8gpy = refracted altitude
and azimuth angles

in water

g tw = glass a n d water

thicknesses.
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b/2 - SY b - 2SY
If SY £ b/2, then SF,(M+1) = =

It
o

If SY X b/2, then SF,(M+1)

I

SF,(M) = (1.5b - SY)/b

[
—

Slabs 1-4 included SF,(J) =

Note: If substantially more than 5 slabs are used, say, 7 and over,

then the last 2% slabs are liable to shading.

E4. Diffuse Irradiation.

E4.1 Summing Diffuse Irrradiation over Waveband Interval.

This is achieved by fixing a ratio between beam and diffuse
irradiation, call it the weighted waveband beam/diffuse ratio

(W.W.B.D. for short).

Imb X \¢p

Imd X A\l fd

I

where Ipp measurd beam irradiation (m? normal).

[oe]

Afp = fractional beam energy in waveband (X Iep = 1)
o=\

measured diffuse irradiation

Imd

o]

AMfd = fractional diffuse energy in waveband (X Ieg = 1)
0-\
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Then diffuse irradiation 1 ]

03 ImaxIpa))x((1 + cos B)/2)

surface J 0-\

striking vertical b

«© (o]

+ {(Z IdeIfd}\) +(Z ImbXIfb)\)} p/2 *
DN 0-A

©

P IO IdeIfdx){l + cos B + (1+IRy)p}
0=\

I

3 Ipg (1 + cos B+ (1 + IRy)p}

0

*Note: the ground reflected irradiation v i e w factor will be %
not ((1 - cos B)/2) because B is an artificial p 1 a ne for sky.

irradiation only.
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E4.2 Effective Sky Dome Angle., B.

The transwall will not

see a complete quarter- =1
sphere of the sky dome I
because of ( slight ) |

shading of the roof. 1L5

) |
VP AP r
b(M+1-J)

The maximum effective ‘ l
s k'y dome angle, B, B
measures 101" for the S
transwall under test. Ce L
The effect is : ((1 + cos 101°)/2) = 0.404 instead of 0.5.

(assuming w i nd ow is long in relation to length L5)

The effective éky dome angle, Bg, for a slab will be given by:

- -1
Bs = tan

tan (B - 90°)
5 |

[L5 + b(M+1-) ]

The view factor for each slab, VF,(J), will be given by
VF,(J) = 3 {1 + cos Bg + (1 + IRy)p}
* * *
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APPENDIX F

The Specification of the House, [Ham, 1988].

HOUSE CONSTRUCTION MATERIALS

(A) EXTERNAL WALLS +—breeze block

2
U-value 0.29 W/m°K ’///,'
: brick outer 537
facing : :]%& wwet plaster

finish

blown fibre lnsufa fon

counter baton

(8) ROOF AND CEILING roof felt

20mm roof til

75mm fibre insulation
e .

U-Value 0.23 W/m’K

6"X2" ceiling
) Jotst
\‘\‘*12.5mm plaster

board

S~roof felt

{(C) ROOF SURROUNDING ROOF WINDOW

20mm roof

— 6"X2" ceiling
tiles £y joist
U-value 0.26 HlmzK ‘\\\1é.5mm plaster
board

150mm fibre insulation

(D) FLOORS §<. ~v-5 ¢ ~.10
GROUND FLOOR -cast concrete ! 100mm
R AR WO B
U-value 0.484/m2{ K [ s0mm
polystyrene
RV
FIRST FLOOR A castrconcrete e 150mm
e L. LR ) -
(E} WINDOWS
WINDOW KAPPAFLOAT DOUBLE GLAZING
no curtains curtains qurtains no curtains
U-V4LUE .
Winly e 1.2 | 2.5 3.3
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APPENDIX G.

Spectral Extinction Coefficients of Lissamine Red 3GX dye and

of water with fractional energy for AM2 [Nisbet and Kwan, 1987].

Ext.coef. m™1 Fract.

Waveband energy
pm Water LR3GX waveband

.3 -.35 .04428 o .006
.35-.4 .01773  .176 x 10° .022
4 -.6 .01483  .315 x 10° .279
.6 -.75 .3895 .010 x 10° .215
.75-.9 2.583 0 .142
9 -1.2 71.06 0 .146
1.2-2.1 7114 0 .150
2.1-4.1 2 x 108 0 .040
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