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SUMMARY

The thesis presents analytical and experimental methods of
studying various aspects of the optical and thermal performance
of a transwall passive solar system. Some of these methods are
applicable to other solar systems.

Two ray—-tracing techniques, l-dimensional and 3~dimensional,
are presented for an accurate calculation of the optical
properties of a transwall module with its outside glass plate(s).
These techniques calculate not only the reflected, absorbed or
transmitted fractions of the incident radiation but also the
spectrum of the transmitted radiation. ‘This information is
required for a better assessment of the transwall system as an
illuminating source and as a thermal system, Both techniques
are applied to a particular transwall module with one outside
glass plate and the importance of various features of the incident
solar radiation (such as spectrum, angular variation, polarization,
ete.) are discussed. The difficulties associated with the nature
of the diffuse solar radiation coming from the sky,or the ground,
are overcome by employing a discretization method in which the
continuous diffuse radiation is divided into discrete pencils of
radiation.

An analytical thermal model of a passive solar system is
presented and its verification is established by using a test~box
containing a full size transwall module. The outcome of this
verification is satisfactory given the uncertainties of the optical
and thermal properties of the various elements of the test-box.

The success of the analytical modelling depends on accounting for
the 3-dimensional solar radiation field outside and inside the
passive solar system. The methods developed, accompanied by the
two ray-tracing techniques,allow for an accurate distribution of
the total incident radiation among the semitransparent elements

and the external and internal surfaces of any passive system. The
method of distributing the solar radiation among the internal
surfaces of an enclosure is applied to the convex parallelepiped
enclosure of the test-box and, as additional example of the method,
also applied to the non-convex enclosure of a typical glasshouse
with E~W transwalls.

The phenomenon of thenatural convection of a fluid inside a
transwall module induced by the absorption of radiation is predicted

by a numerical method, first introduced by Patankar. Examples of



the temperature, pressure and velocity fields of three transwall
modules filled with distilled water under the irradiance conditions
of 400 to 500 W/m2 are presented. By introducing the effective
conductivity concept the complicated phencmenon of the fluid
convection inside the module is simplified to a conduction
phenomenon. This is also necessary for the long term—dsys or
months — analytical modelling of the total transwall passive system
because the numerical prediction of the former phenomenon reguires

an excessive amount of computer time. The calculation of the
effective conductivity is obtained by employing an analytical approach
which makes use of the data collected from the application of the
numerical method, mentioned above. Values of the ratio of the
effective conductivity to the conductivity of the still water are
calculated at two interfaces inside the water of four different
transwall modules. Measurements of the temperature and the velocity
at certain points 1in a small transwall module irradiated Dby a solar
gimulator have been performed to support some of the numerical

predictions.




. Definitions
transwall module: the annealed glass rectangular container filled
with a liquid.
transwall (system) element: the transwall module or the assembly
of the modules with one or more
outside glass (or plastic) plates.
transwall system: +the transwall element with the enclosure of
which the element is part.
angle of incidence: the angle between the vector of the incident
radiation on a surface and the vector normal
to that surface. For opaque surfaces the
direction of the surface vector is always
from the thick to the light medium. The
surface is 1it only if the angle of incidence
is greater than 900. The conventional
definitionrequires the angle of incidence to
be smaller than 900.
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NOMENACLATURE

solar altitude angle, coefficient of general differential

equation

extinction coefficient (m_l) due to solved dye

solar azimuth angle, extinction coefficient (m_l) of solvent

wall azimuth angle

area

constant pressure specific heat capacity
constant volume specific heat capacity

dye concentration (mol of dye/Kg of solvent)

dimension of control volume

2
= 9.81 m/s

mass-Ilux vector
Grashof number
heat transfer coefficient, specific enthalpy
latent heat
solar hour angle
height
unit vector
angle of incidence
unit vector
unit vector
hydraulic diameter
thickness, distance
mass concentration of air-vapour mixture
number of anisotropy
number
number
Nusselt number
pressure
vector normal to surface
degree of polarization
heat or radiation flux per unit area
heat flux
optical path, time
temperature
component of velocity vector aleng the x-axis

conductance



v component of velocity vector along the y-axis

volume, wind velocity

v velocity vector, direct radiation vector
component of velocity vector along the z-axis
width

W* strength of solution (Kg of dye/Kg of solvent)

normal, along the x-direction

along the X-direction, X coordinate

along the Y-direction, Y coordinate

N X X

along the Z-direction, Z coordinate

Greek letters

8%  tilt

8, declination angle

A finite difference

€ extinection coefficient (Kg of solvent/mol of dyesm)
A thermal conductivity

Agp effective conductivity

A wavelength of radiation
BL wavelength band of radiation
p.  Tirst coefficient of viscosity

1 second coefficient of viscosity

<

kinematic viscosity
P density, reflectance, reflectivity
6

- 5.6697#10°° W/mZ*K4

Subscripts

a dry air

at atmospheric

Ai face i of control volume A
b hackward direction

cond pure conduction

d diffuse

D direct

£ forward direction

g passive solar element
gr ground

h on a horizontal surface

i surface, passive system element



L at node L

P at node P

x+ at the part x+ of the surface
water vapour

) dependent on &

Superscript

e} at time t
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INTRODUCTION

A transwall passive solar system combines some of the
characteristics of two basic passive solar systems the "direct gain"
and the "thermal storage wall" system. In a direct gain system solar
energy enters windows and is absorbed and stored by the floor, the
ceiling and the walls. In a thermal storage wall system the solar
energy is collected by a massive dark-surfaced storage wall placed
behind glass. The heat reaches the inside room by conduction through
the storage wall and, in some designs,by air circulation through vents
at the top and bottom of the wall (Trombe wall).

The transwall passive solar system consists of an assembly of
visually semi-transparent modules stacked vertically in a wooden or
metal support frame, and placed behind a glazed area, as shown in

Fig. 1.

iy

Fig. 1
Transwall passive solar system

Transwall modules usually have the form of annealed glass
rectangular containers, filied with a high thermal capacity liquid,
generally based on water. Part of the incident radiation of the
transwall system i1s reflected back, part is absorbed and stored
by the outer glazing, the glass structure and the liquid of the module,
part is absorbed by the surface of the support frame and a final part
of the transmitted radiation into the interior is absorbed by the
floor, the ceiling and the walls. Because the front surface of the
transwall assembly does not reach the relatively high temperatures of
the thermal storage wall vents at the top and bottom of the transwall
assembly are not an important feature of the system.

The transwall passive solar system overcomes some of the
disadvantages frequently experienced in both the direct gain and the
thermal storage wall systems. It admits light to the interior space,

allows the occupants to see out through the window with negligible




visual distortion (the face glass plates of the module deflect
slightly because of the hydrostatic pressure) and reduces weight and
space requirements relative to the conventional concrete storage wall
It also reduces glare, photodegradation, air temperature fluctuations
and some radiant temperature comfort problems associated wilth some
direct gain systems. Analytical and experimental results have shown
that the transwall system thermal performance is equal %to or better
than the two other passive solar systems (1)7(2),(5).

The aim of the present work was to provide analytical and
experimental methods of studying aspects of the optical and thermal
performance of a transwall passive solar system. The methods and
techniques, developed in this work allow an accurate distribution
of the total incident radiation to the various elements and external
and internal surfaces of the transwall system. The effective
conductivity inside various transwall modules is calculated by
adopting an analytical approach based on the numerical modelling of
the phenomenon of the natural convection of a fluid induced by the
absorption of radiation. This analysis is necessary for the
analytical thermal modelling of a transwall passive solar system,
presented in this thesis. This analytical modelling is verified by
using a small test-box containing a full size transwall module. The
test-box constructed at the Mechanical Engineering Research Annexe
(M.E.R.A.), Glasgow University, can be used for the thermal

modelling of various passive solar systems.

The transwall module and system design — A review

Most of the research concerning transwall systems has
been undertaken by the A.M.E.S. laboratory — USDOE, Iowa State
University, U.S.A., the results of which have been presented in
References (1), (2), (3), (4), (5), (6) and (7). The analytical
results are based on l-dimensional thermal network models of
the thermal performance of the passive systems. Experimental
evidence has been collected from measurements in test-rooms, on
the south-facing side of which are various passive solar systems.

The transwall module suggested by A.M.E.S. (4), (5)
ig a rectangular water filled container fabricated from 6.4mm
thick annealed plate glass using General Electric RTV108 silicone

adhesive sealant to bond butt joints. Its outer dimensions are:



58 cm width , 38 cm height and 14 cm thickness. To enhance
the module's solar radiation absorptance a standard 3.2 mm
thick grey tinted glass plate is mounted with silicone adhesive
parallel to the large face plates at the centre of the module.
The construction of the modules is in accordance with standard
aquarium technique. The top of the module is closed by a
glass plate, bonded on to the module and having two 2 cm
diameter holes for filling and emptying. These holes are closed
with open cell foam filters to reduce water contamination by
air-born particles. An absolutely sealed system does not
appear to be economically practical although it has the
advantage of maintaining water quality. The first transwall
modules in A.M.E.S. were made from acrylic plastic but they
were abandoned because of reliability problems.

The increase in the absorptance of the module by using
an extra absorber plate is scarcely cost effective since the
absorber plate cost is roughly half that of the rest of the
module. This is one of the reasons for the current examination
of transwall modulesinA.M.E.S. (8), in which the absorber plate
is transferred from the centre to form the interior facing
module wall. The use of dye, diluted into the water, e.g.
acid green B, methyl orange, copper chloride {their extinction
coefficients are given in Appendix E ) seems to be a more
cost effective way of increasing the absorptance of the trans-
wall module. However uncertainties in the dye reliability in
respect to its optical and thermal properties over a long
period of time,eq years, have to be resolved first. Burke,
et al. (9), (10) suggest ways of studying the stability of
optical and thermal properties of solar irradiated solutions of
dyes. Under normal thermal and irradiance conditions the
abovementioned three dyes did not show any apparent change in
their optical properties by using them in the transwall modules
tested in M.E.R.A, Glasgow University, for a period of about
two years.

Preliminary analytical results by Fuchs, et al (1),
showed that a transwall module with inhibited water convection
(Nu=1)+gives a better thermal performance than a transwall
module with free water convection (Nu=20). Experiments by

Hull, et. al. (3 ) suggest that horizontal convective heat transfer

+ Nu is the Nusselt number.
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is suppressed somewhat because of vertical temperature
gtratification. They estimated the actual Nu value by varying
the transwall conductances in their l-dimensional thermal
network model to fit the experimental data. They found that
Nu=2.5 and concluded that relatively low Nu values could exist
for transwall modules without resorting to inhibiting the
water convection by baffles or by the addition of gelling agents.
Certainly, Hull, et al. (3 ) expressed cautiousness about
generalizing their results on convection within the transwall.
Indeed, in thisg thesis a main target was to establish values
of effective conductivity inside different aspect ratio (height—to-
thickness) transwall modules. The resulis for a continuous
radiation input of about 400 to 500 W/m2 showed a high
effective conductivity which is compatible with a Nu value of
20 and not that of Hull's 2.5. Anyway, the use of baffles to
inhibit the water convection should be considered a rather
difficult and uneconomical solution. The use of gelling agents
may provide a better solution. Two different types of gelling
agents have been tried in M.E.R.A. Courtoulds Courlose F1000G
and Celanese Celacol HA7 1500008, the former being the better
for clarity. (The extinction coefficient of two solutions of the
first gel are given in Appendix E ). However the long chain
molecules appeared to '"contract!" over several weeks leaving the
upper regions clear and the lower regions opaque. Solutions
stronger than the 0.5% (Kg of agent/Kg of water) tested might
avoid this problem but at the expense of visual clarity. Long
term tests are continuing. On the other hand, these gelling
agents seemed to enhance the growth of micro-organisms.
Analytical results (4),(5) suggest a great
improvement in the thermal performance of the transwall systems
with modules having their outside surface treated with heat-
mirror coating. The importance of these coatings is almost
comparable to that of providing insulation at night but is
less than that of double glazing. At present, the thermal
performance of the transwall system with heat-mirror coating
modules is under test in A.M.E.S. {(8). Hull et al.{(3) also
studied analytically the importance of various design

parameters on the thermal performance of a transwall system.



These design parameters are: the collector area to building
load ratio, the thickness of the water layer, the transmittance
of the absorber plate and the amount of internal thermal mass.
According to his analysis good thermal performance can be
obtained while still allowing substantial design flexibility
especially in respect to the thickness of the water layer and
the plate absorptivity (nominal values used, 15.2 cm and 0.8,
respectively). The values are based on the Nu value of 2.5
and this introduces uncertainty.

Problems which usually arise in transwall modules
include|water evaporation, air bubbles, algae growth and
suspended precipitates of minerals: (a) To prevent evaporation
a thin layer of low vapour pressure liquld which floats on and
seals the top water surface from the air can be used. Mercer
et al. (5 ) suggests fluosilicone oil because it does not only
have a low vapour pressure but it is also compatible with the
silicone bonding adhesive - a common adhesive for fish-tanks
works - and it is not biologically active. (b) Small air-bubbles
attach to the interior glass surfaces during or shortly after
filling the module. The bubbles combine into larger ones and
float to the surface in a matter of few days. The suggestion
by Mercer et al. (9 ) to accelerate the elimination of these
bubbles in a matter of few hours by using heat lamps is rather
expensive and not justified by qhe bubbles effect on the thermal
and optical performance. (c) The algae and precipitates problem
of A.M.,E.S. has not been experienced in the transwall modules of
M.E.R.A. using an acid green B solution of water. It is
suggested (5) that the problem can be controlled by tracing
the water with 100 ppm CuS04 and 150 ppm disodium ethylenedia-
mine tetracetate (EDTA).

Although the preliminary experimental verification of
the 1-dimensional models with the test-rooms can be considered
satisfactory ( 3), there are reasons that support the use of
more elaborate analytical models for some of the elements of
the passive solar system or the system itself, e.g. the models
presented in this thesis. The analysis and experiments presented
in this thesis show that the velocity and temperature fields -
and therefore the heat transfer — in a transwall module are

3—-dimensional with complex circulation patterns. The l-dimensional
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approach, while saving on computing time, cannot by its limitations
represent the actual phenomenon in various transwalls with any degree
of accuracy. The experimental evidence of test-rooms (2), (5) shows
that a transwall system has much more favourable mean radiant
temperatures for thermal comfort than its competing systems of direct
gain and thermal storage wall for the whole year thermal performance

of these systems. A l-dimensional model cannot match the 3-dimensiocnal
nature of the radiation field in the room behind the transwall module,
which is a major factor in determining the radiation distribution and

fails to calculate accurately the corresponding comfort level.
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CHAPTER 1
CALCULATION OF THE TRANSMITTED, REFLECTED AND LOCALLY
ABSORBED RADIATION OF A TRANSWALL SYSTEM ELEMENT.

Introduction.

A 3-dimensional ray-tracing technique is presented (section 1.2)
for the accurate calculation of the optical properties of a system —
total transmittance, total reflectance and the local rate of
radiation absorption. The computational procedure is simplified
without incurring any serious penalty in accuracy if the optical
system can be considered ss l-dimensional. This is a common
assumption in most solar applications where 1) the least dimension
of the 3-dimensional optical system is very small in relation to
the two other dimensions and 2) the incident radiation falls on one
or both of its large and opposite sides (i<<W, L<<H, Fig. 1.1).

These sides are usually parallel to each other.

Fig. 1.1

The assumption of a l-dimensional optical system permits the
calculation of the relevant properties by employing an approach where
only the transmission of the radiation along the optical path from

one large side to the other is taken into account and edge effects and

other factors, e.g. frame, are neglected. Furthermore, this assumption

reduces drastically the required computational effort, especially
in the case of the diffuse solar radiation. The approach presented
in the thesis (section 1.1) is believed to be a new form of the ray-—

tracing technique accounting for an infinite number of internal



reflections,

Both techniques can calculate the spectrum of the transmitted
radiation. This information is important to assess the transwall
system element as an illuminating source.

The l-dimensional ray-tracing technique is applied to a
particular transwall module with one outside glass plate and the
importance of various features of the incident solar radiation are
discussed (section 1.3). These features are:

1) Angular variation of direct solar radiation.

2) Anisotropy and polarization of the diffuse solar radiation

from the sky and the ground and

3) The spectrum and polarization effects within the transwall eiement.

The discussion reveals that
1) The radiation absorbed by each of the three glass plates of
this particular system is a high proportion of the incident radiation
and should not be neglected in any thermal analysis. This is an
important consideration because, for example, it may influence the
location of coatings on glass surfaces required to reduce the heat
losses,

2) For both direct and diffuse incident radiation their spectral
composition is an important factor in determining the values of total
transmittance, spectral composition of the transmitted radiation and
the absorptance of the liquid.

3) Accounting for the degree of polarization of the incident diffuse
radiation and the change in the degree within the optical system are
not justified by the better accuracy in the calculated optical
properties. In addition the required computational time is double.
4) For the particular vertical transwall system element neglecting
the cosine effect of the diffuse radiation leads to very different
optical wvalues.

The difficulties associated with the nature of the diffuse
radiation from the sky, e.g. anisotropy, nonuniform degree of
polarization, are overcome by employing a method (section 1,3.2a) in
which the continuous sky diffuse radiation is divided into discrete
pencils of radiation all over the sky dome. The method also allows the
calculation of the so-called 'number of anisotropy', Mnu. This is
a measure of the importance of accounting for the anisotropy of sky
diffuse radiation. The same discretization method is used in the case
of the diffuse radiation from the ground by introducing the concept of
an imaginary sky dome. This dome is the half hemisphere underneath

the horizon (section 1.3.3).

In section 1.4 the 3-dimensional ray-tracing technique is applied
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to the same transwall module with one outside glass plate for 5
different cases of direct solar radiation of air-mass 2. The effect
of the edges and other factors is evident but small.  Accounting for
the degree of polarization within the optical system is again not
justified by the better accuracy of the calculated optical values.

It is interesting that the 3-dimensional ray-tracing technique predicts
smaller values of total transmittance than the l-dimensional ray-

tracing technique.
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.1 THE 1-DIMENSIONAL RAY-TRACING TECHNIQUE FOR
AN INFINITE NUMBER OF INTERNAL REFLECTIONS.

A 1-dimensional optical system generally consists of a series of
parallel sub-systems (layers) whose optical properties are generally

different (Fig. 1.2).
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In the following analysis a new form of the ray-tracing

Fig. 1.2

technique for an infinite number of internal reflections is used.

This allows the derivation of algebraic relations from which recurrence
relations are obtained to calculate the total reflectance, transmittance,
absorptance and the absorptance of each individual sub-system. These
recurrence relations are ideally suited for use in a digital computer
program.

The ray-tracing technique, first introduced by Stokes (11), has
usually been used to calculate the total transmittance, reflectance
and absorptance of a multi-layer system in its alternate forms of
accounting for a finite (12) or infinite number of internal reflections
{(13), (14), (15). The former has more commonly been used to
calculate the absorptance of each layer of a multi-layer system.

Belov (16) developed his own method for the calculation of the
hemispherical monochromatic reflectance, transmittance and absorptance
of a multi-layered coating and a stack of layers of absorbing and
scattering materials with diffuse interfaces.

Siegel (17) adapted the "net radiation method" for enclosures
with opaque surfaces to a multi-layer system, and obtained total
transmittance and reflectance of this system. In his method a set
of 2N simultaneous equations is written for computer solution of an
N-layer system. Shurecliff (18) applied a similar matrix method
to the case of non-absorbing layers. Wigeysundera (19) extended
the "net radiation method" and obtained a recurrence relation for
the calculation of the absorptance of each layer of a multi-layer
system.

Edwards (20), employing the "embedding technique", gave a similar

computational algorithm that calculates the absorptance of each element
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in an absorber-coverglass array.

The basic concept of the new technigue is that every optical
system can be supposed to consist of a series of two elementary
optical subsystems:

1. The boundary surface of two different optical materials A and B.
2. The optically uniform transparent, or semitransparent material
G between two boundary surfaces which are not included
in this elementary subsystem.

forward direction

>
>

B

B backward direction A

=

S, S

Fig. 1.3

Each of these two elementary subsystems is assigned the three
optical properties of reflectivity, absorptivity and transmissivity
for each of the two opposite directions of the incident radiation
{see Fig. 1.3). The values of these properties can be understood
to be spectral or monochromatic values appropriate to each component
of polarization at the angle of incidence of interest, or to the
extent that polarization and spectral effects may be neglected they
may be regarded as total—-grey directional values. The reflectivity
of the elementary subsystem 2 is always zero because it excludes surfaces.
A typical example of a system consisting of three elementary
subsystems is presented in Appendix A, where relations for the calculation
of their properties are given as well.
In the above definition of the two elementary subsystems it
is assumed that the elementary subsystem 2 is thick in comparison to
the wavelengths of incident radiation (L >> A" ) and hence it is
not necessary to consider wave interference effects. As far as a
thin film is concerned (L= A" ) this is considered to be an elementary
subsystem 1 with absorptivity for both directionsof the incident
radiation different from zero. The case of zero absorptivity is that
of a pure interface of two different transparent or semitransparent
materials A and B (Fig. 1.3).
Another basic feature of the new technique is the introduction
of different optical properties of the optical system for the two
opposite directions of the incident radistion. For example, this is
evident in the case of total reflection. Therefore, at the

‘beginning, the forward and backward direction of the incoming
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radiation to the system should be defined, Then the forward and
backward directions for each subsystem will be those of the main
system, In the following relations the subscripts f and b imply
the forward and backward direction of the incoming radiation,
respectively.

Derivation of the algebraic relations.

For an optical system M, we define:

reflectance ref(M) reb(M)

absorptance abf(M) abb(M)

transmittance trf(M) trb(M)

Because of the conservation of energy for the system M,
reg(M)+tr, (M)+ab, (M) = 1 (1.1)
reb(M)+trb(M)+abb(M) =1 (1.2)

For an optical system (M+N) consisting of the two optical
gsystems M and N where the direction from system M to system N is

the forward direction, we define:

total reflectance pf(M}N) pb(M+N)
total absorptance uf(M+N) ub(M+N)
total transmittance Tf(M+N) Tb(M+N)

+
absorptance of system M aMf(M+N) aMb(M+N)

absorptance of system N (M+N) aNb(M+N)

Oyg

Because of the conservation of energy for the system (M+N),

pf(M+N)+Tf(M+N)+OLf(M+N) =1 (1.3)
pb(M+N)+Tb(M+N)+ub(M+N) =1 (1.4)
0. (M) = aMf(M+N)+0th(M+N) (1.5)
oeb(M+1\T) = aMéM+N)+oLNb(M+N) (1.6)

A continued tracing of the radiation (see for example, Fig. 1l.h)
gives the following relations for the system (M+N):
Total reflectance, forward direction
Df(M+N) = ref(M)+
tr o (M)sre  (W)atr, (M)+
trf(M)%ref(N)*reb(M)%ref(N)*trb(M)+--' =
pf(M+N) = ref(M)+trf(M)*ref(N)*trb(M)* ( 1 )
@ - re (M)wre (W) (1.7)

+fraction of the incident radiation on oplical system (M+N)
absox‘be& l)'y -L]’\E .“L'nd'l\/:lld,ual Sy‘s'tem M or N
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1l re {:(/M)/./ H‘;[M) *FGF(N\“?TM %:E(M) M‘Q{__(N)%V“.Qéé){‘ TGF(N)*JcréM)

optical / / /./

system M VA / Wi

abF(M) tr(Mwre, wab, (M) -trF(M)*r‘e

—+

/ .
+¢(MVF<N) chm)w@r@m 2 /

{';C(M) / ‘ {fF(M) *re{:(N) [gry 'tr{__(M)xreF N)*re y%re F(N)*reéM)

op*:ic.eu(}.
system N

'tr%(M)ta_b-F{N) -i:v;c(M) wef(u)*reb M)ta..bf(N) -hv;c(M)aeref( )*Teb(M)%re}N)‘ireb(M)Hﬂ(N)

try (M) t? (N) JtrF(M)weF(N) *reé' )*tv% (N) iv%(M\m% o weL(M)we _F[N)web(m)ﬁv;(N)

Fig. 1l.h,

Similarly, total reflectance, backward direction,
oy, (MHN) = I'eb(N)"'trb(N)*Z‘eb(M)*trf(N)ae( 1 )
(l - ref(N)-)ereb(M))

(1.8)

Total transmittance, forward direction,
Tf(M+N) = trf(M)-:etrf(N)+
trf(M)%ref(N)*reb(M)*‘brf(N)+
trf(M)*ref(N)*reb(M)*ref(N)%reb(M)*trf(N)+-'s =

T (M) = trf(M)-:etrf(N)-:e( 1 )

(1.9)
(l ~ I‘ef(N)%reb(M))
Similarly, total transmittance, backward direction,
T, () = tr, (Mg (1) ( 1 ) (1.10)
(l - I‘eb(M)"“ref(N))
Absorptance of system M, forward direction,
Oth(M+N) = abf(M)+
trf(M)%ref(N)*abb(MH
t M . 3 ‘e
re( )*ref(N)xreb(M)%ref(N)*aé)b(M)+ = j
oy (MHN) = &b (M) +tr o (M)sre (W) #ab, (M)« Z(L (1.11)
(a- re, M).x-ref(N))
Absorptance of system N, forward direction,
O (M) = trf(M)*abf(N)+
trf(M)*I’ef(N)*reb(M)*abf(N)+-v.. —

- ref(N)-»reb(M))
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Similarly, absorpbtance of system M, backward direction,
o, (M) = b (W)%ap, (1) ( 1 h) (1.13)
(l - reb(M)%ref(N))
and, absorptance of system N, backward direction,

(M+N) = ab, (W)+tr, (I)*re, (M)*ab_(N)xC 1 !
OLNb + a + rb *re-b %a, £ *(1—-ref(1\T)*reb(M)) (1.1k)

The relations (1.1) to (1.14) are the basis for recurrence

b

relations that are suited for use in a digital computer programn.
These are finally used to calculate the total reflectance,
absorptance and transmitbtance and the absorptance of each individual
layer of a multi-layer system.

Derivation of the recurrence relations.

The system is made of N*layers and the forward direction of the

incoming radiation is the one from layer 1 to layexr N*

system o‘- Q.qyers Lo T system c% Quyefs 1 toNe
L. — )}
forward
direction
e el
system
OF N. « 0 & LR N ) -
layers 1 2 3 1 1 Er s -1 N
Fig. 1.5

We define:

for the individual layer i,

reflectivity Ff(i) for forward Fb(i) for backvard
transmissivity Yf(i) direction Yb(i) direction

for the system made of layers from 1 to I
reflectance FRf(I) for forward FRb(I) for backward
transmittance YR (1) TTFeCtion ¥R, (1) drrection
fraction of incident radiation on the total system of N layers absorbed by
the system of layers tto I AR, (1)

for the system made of layers from I to N* b
reflectance FTf(I) for forward Fr(I) for backward
transmittance YTf(I) direction YTb(I)dlreCtlon

fraction of incident radistion on the total system of N'layers absorbed by the system
of layers I +o N* AT; (1)

Finally, the absorptancé of the individual layer i of the multi-
layer system of N*layers is ASf(i) for forward direction and ASb(i)

for backward direction.

The recurrence relatlons are:
FTf(N? = Ff(N?

YTf(Nv = Yf(N7
FTb(N? = Fb(N?
YTb(N? = Yb(Nﬁ for i = N*

+ fraction of the imcident radialion on the system of N° layers
shenrbed by the incdividial laver i



Fr (i)
(i)
FT (1)

iT

o H H

YT (1)

o

and,
ATf(l)

Asf(Nﬁ
ASf(i)
ASb(%)
ASb(l)

A
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Fo(i)+Y (4)%FT (141) %7, (1)/(1-Fy (1)#FT (i41) )

Y (1)#YT (i+1) /(1-F, (1)%FT.(141))

3 f(i+1)/[l—Fb(i)*FTf(i+1))
YT (1+1)#Y, (1)/(1-F (3)#FT.(i41))

FTb(i+l)+YT (i+l)*Fb(i)*YT
for i from N*1 to 1

F.(1)

v.(1)

F, (1)

Y (1) for 1 = 1

o T M B

FR,(1-1)+YR,(1~1)#F,(1)¥R (i-1)/(1-FR, (i-1)#F (1))

YR, (i-1)#Y, (i)/(1-FR (i-1)#F (1))
Fy (1)+Y, (D)#FR (i-1)#Y (1)/(3-FR, (i-1)*F, (1))
Y, (1)#¥R, (i-1)/(1-FR, (i-1)%F (1)) |

for i from 2 to N*
YT, (141)%(1-FR, (1)-YR (1)) /(Q-FR, (i)#FT (i+1))

for i from 1 to N*1

l—FRb(N?—YRb(N? for i = N*

YR (1-1)%(1-FT (1) -7, (1)) / (1-FI(1)#FR_(i-1))

for i from N to 2

= l—FTf(1)~YTf(l) for i =1

= ATf(NO for i = N*

= ATf(i)—ATf(i+l) for i from N~1 to 1

= ARb(l) for i =1

= ARb(1)~ARb(1—1) for i from 2 to N
closed-formula example is given in Appendix A. The example

stresses the fact that an optical system may behave differently

for opposite direction incident radiation, not only in respect

to the total reflectance as is usually shown by other techniques,

but in respect to the total transmittance as well {in the case of

occurrence of total reflection).
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1.2 THE 3-DIMENSIONAL RAY-TRACING TECHNIQUE

The transmittance equations for glass covers of flat plate
solar collectors given by Gillette et. al.(21) can be considered as
an approach to handle a multi-dimensional optical system. In their
approach the solar vector angular variations are taken into account
under certain assumptions.

The present technique has the following basic characteristics:
1. Small control volumes are constructed which fill the domain of

the optical system and a space surrounding the optical system.
The aim is to calculate the rate of radiation absorption at every
control volume and every boundary between two control volumes.
Furthermore, the radiation that escapes from, or is absorbed at a part
or the whole cuter boundary of the space which surrounds the optical
system, is also calculated. See Fig. 1l.6.

2. If external radiation, falling on the outer boundary of the
space is volumetrically uniform, then it is approximated by
discrete pencils of radiation.

The number, type and size of the control volumes and the
number of the pencils of radiation and their points of incidence are
determined after a compromise between a reasonable accuracy and
computational effort has been made. They strongly depend on the
specific characteristics of the optical system. It should be

remembered that, generally, the larger the

zquivmg.ent
pencils o.?.
rocdioction

cuter boundary
of Spxce
survoundin
the oP’ric_u
system

A SpPxce
Sufroundin
the opticod
system

boundar -y
o #. oP‘H cal T
system

—]— optical
system

4

A
A

F'iS. 16




number of control volumes and the pencils of radiation, the better the
accuracy but the larger the computational effort.
The following flow—-chart illustrates the basic steps taken in

the 3—~dimensional optical system ray-tracing technique, for each pencil

The 3 components of the radiation vector.

of radiation.

The 3 co-ordinates of the position the radiation
vector intercepts the outer boundary of the

space surrounding the optical system (entrance
point).

The optical properties ({absorptivity and reflec-
tivity) of each control volume and each interface
or part of it between adjacent control volumes.
The geometrical information of the optical system,

control volumes and interfaces or parts of them.

Examination

of the ftrivial case;

the radiation does not
really intercept the

outer boundary.

$NO
@— {

Calculation of the control volume the

radiation vector enters (Subroutine

CONVOL).

Calculation of the 3 co-ordinates of
the point the radiation vector inter-
cepts the boundary of the control
volume and leaves it (exit point)
(See Appendix B ).

Calculation of optical path of radia-
tion vector inside the control volume

(from entrance and exit points).




i8

Calculation of the radiation absorbed

by the particular control volume (from
optical path and extinction coefficient

of this particular control volume)}.

Examination

the absolute

of the case;
value of the radiation vector after
the absorption inside the control volume
to be less than a certain fraction of the
initial absclute value of the

initial radiation vector. (To some

extent this fraction
determines the accurac

of the method),

NO

Examination of the case;
G; JES the exit point of the radiation vector is on

any boundary interface between two dis=

similar optical media.

NO

NO Examination

of the case; the radiation
Calculation

of the entrance

point; this s the

previous exit
point.

% YES

Calculation of the radiation that escapes

vector escapes from

the system,

from the system, or from a particular part
of the outer boundary of the space that

surrounds the optical system.
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Examination

of the case; another

radiation vector (produced for

example from internal

reflection) to exist

Calculation of the transmitted,

absorbed and reflected fractions of the
incident radiation vector. The radiation
vector has from now on as its 3 components
those of the transmitted fraction and as its
entrance point the previous exit point.

A new radiation vector is created and
stored, having as its 3 components that

of the reflected fraction and as its
entrance point the exit point of the

incident radiation. (See Appendix ).

Examination of the

tase; ‘the absolute value of the radiation

vector after the reflection at the

boundary interface between the two

dis-similar optical media to be
less than a certain fraction og
the initial absolute value of the

initial radiation vector.

The optical properties of each control volume and each
interface between two adjacent control volumes can be understood to
be spectral or monochromatic values or they can be regarded as total

gray values.
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1.3 APPLICATION OF THE 1-DIMENSIONAL RAY-TRACING TECHNIQUE TO
A TRANSWALL SYSTEM ELEMENT.

The importance of the following are examined:

1) Angular variation in direct solar radiation.

2) Anisotropy and polarization of the diffuse solar radiation

from the sky and the ground.

3) The spectrum and polarization effects within the transwall

syatem element.

The present analysis concerns a module made of 6mm thickness
annealed glass. This module of 0.15 m(ﬂﬁmnne&ﬂ,l.l2 m (width) and
0.6im {(height) internal dimensions,was a part of a solar passive test-
box constructed at the M.E.R.A.,University of Glasgow. The module
contained a weak solution of acid green B in water (strength of
solution, W= 9.164x10_9 Kg of acid green B/Kg water). The outside
glass plate, in front of the module, was 4mm thickness annealed glass.
The properties of clear float glass from Pilkington have been used for
those of annealed glass in the present analysis. More details of the
module and the test box are given in section 2.5.

In Fig. 1.7 a part of the cross section view of the transwall module
and its outside glass plate is shown. Only the cross section is
actually of significance in this present l1-dimensional ray-tracing
technique. The direction from the outside glass plate to the module

is defined as the forward direction of the incoming radiation.

cutside ——F front %ﬂ_uss plake
gloss plote Qie\uio\
baek glowes plate
'_ForWowﬁ\. k L
direction L

o.4am| |0.6<:m| |1'5.0cm| |0.6cm F'ia. 17

The optical properties (refractive index and extinction co-
efficient) of clear float glass made by Pilkington, water and acid
green B averaged over 8 different wavelength bands are given in Table
1.1. (see also Appendix D). In the same table, the extinction co-
efficient of Antisun glass, grey 41/60 made by Pilkington, a possible
candidate for the middle absorbing glass of a transwall module, is
also inciuded. The actual extinction coefficient, K, of the solution
to be used in the Bouguer's law relation for the calculation of the
absorptance or transmittance of the particular solution over a certain
optical path (e"K*t, t = optical path) depends on the concentration of
dye C and the wavelength A*of radiation. For a ligquid solution in

which a particular concentration of dye 1s responsible for the optical

attenuation through the liquid, an extinction coefficient g can be
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defined which depends only on the type of dye and the wavelength of
radiation, but not on the concentration C of the dye in solution
(22). In this case, the Beer-Lambert relation can be used.

K (A",0) =e(X) » C + a(A) (1.15)

where aS(A) is the extinction coefficient due to the solvent. The
same relation is used for averaged values over wavelength band,ﬁL,
K(A, ©) = &) * € + a (X)) (1.16)

(See in Appendix E, the extinction coefficient of various dyes).

In Table 1.2 the averaged solar radiation at 8 wavelength
bands, is given as part of the solar radiation over the whole spectrum
for 5 different spectra of solar radiation. See Appendix F for the
calculation of the spectral composition of the components of solar
radiation. The calculation of the optical propertieg of each optical
system is performed separately for each of the 8 wavelength bands,
using the averaged values of Tables 1.1 and 1.2. This certainly leads
to an approximation; but it is a convenient compromise between
accuracy of the calculated values and computational effort. Hull {34)
used 40 equal wavelength bands between the wavelengths of 0.3125 and
1.3125 for both direct and diffuse radiation.

These 8 particular wavelength bands were mainly chosen on the
basis that knowledge of 1) the radiation at the four main portions
of the spectrum (ultra-violet, visible, near infrared, infrared) is
generally useful for every solar thermal system, 2) the transmitted
radiation through a glazing or transwall system in the visible
portion of spectrum is necessary to assess the effectiveness of the
glazing or transwall system as a lighting source of a building during
the day-time.

In Appendix L (Table L3 ), the averaged solar radiation at 8
different wavelength bands, appropriate now for research in green-
houses (35) is given as part of the solar radiation over the whole
gpectrum for 5 different spectra of solar radiation. This Appendix
also gives (Table L4 )} the refractive index and extinction co-
efficient of clear float glass from Pilkington and water, averaged at
these 8 new wavelength bands.

A comparison of l-dimensional ray-tracing techniques with an
infiniteanda finite number of internal reflection for this particular

optical system is given in Appendix N.
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1.3.1 Direct radiation - Discussion of the results

Total Reflectance

This is an important factor not only of the optical system
itself but of the thermal system, because it is an indirect measure
of the energy available.

The angular variation of the total reflectance of the
transwall element for incoming radiation from both directionsis the
typical one met in glazing systems (Fig. 1.8, Tables 1.3 to 1.6).

The total reflectance is almost constant until about 45° angle of
incidence, after which it becomes progressively higher as the angle

of incidence increases. The rate of increase of total reflectance is
smaller in the case of the transwall element with backward direction
of the incoming radiation (compare, as an example, Tables 1.3 and 1.5)
until about 800 angle of incidence, when it becomes larger. As was
expected, the total reflectance of the transwall element with backward
direction of the incoming radiation is smaller than that with forward.
The difference is about 3% of the total incoming radiation at o° angle
of incidence and rises to about 9% of the total incoming radiation at
about 80° angle of incidence (compare for example Tables 1.3 and 1.5).

The spectral composition of the incoming radiation is not an
important factor in determining the total reflectance for its both
directions. Spectral compositions of +the incoming radiation of air-
mass 1, 2, 4, 7 and 10 were examined. Thig is gshown in Fig. 1.8 and
Tables 1.3 and 1.4. A 1% difference in values of total reflectance
for the same angle of incidence but different air-mass is small
relative to uncertainties in determining the total incident radiation.

For the same reason accounting for the effect of the
polarization of radiation on its way through the optical system is not
justified by the better accuracy of the calculated total reflectance.
In addition the required computational time is doubled. The maximum
difference in values of total reflectance attributable to the
polarization of radiation occurs in the region of 70° angle of
incidence and is about 3 + 4 % of the incident radiation. It should
be mentioned here that accounting for the polarization always gives

smaller optical values. (See, for example, Tables 1.3 and 1.6).




Total transmittance - Spectral composition of the transmitted

racdiation.

The results are exactly the same for both directions of the
incoming radiation, forward or backward, because there is no chance
of total reflection occurrence in the system, as it can be seen from
the analysis of page 237 of Appendix A,

The total transmittance of the transwall elemertis almost
constant for angles of incidence from 0° to about 20°. Then it
becomes progressively lower and as the angle of incidence increases
with a higher rate of change after 50° angle of incidence (Fig. 1.9
and Tables 13 to 16 ). The spectral composition of the trans-—
mitted radiation changes much legss than the value of the total trans-
mittance with the increase of angle of incidence, practically after
25O angle of incidence. This change of the spectral composition
actually favours the visible fraction of the transmitted radiation
that always is the main fraction (more than 80% of the transmitted
radiation). This means that there is a potential of about 20% of
the transmitted radiation that can be absorbed further by the trans-—
wall system without any effeci on the quality of the transwall elemernt
as a lighting source. It should be mentioned that the visible fraction
of air-mass 1 is 50.1% and of air-mass 10 36.5% of the total solar
radiation.

The gpectral composition of the incident radiation is quite
important in determining both the total transmitiance of the system
and the spectral composition of the transmitted radiation, as Fig. 1.9
and Tables 1.3 to 16 show. The difference in values of total trans-
mittance for air-mass 1 and 10 spectral compositions is about 11% of
the incident radiation for angles of incidence from 0O to about 600.
This difference becomes progressively smaller as the angle of incidence
increases to 90° when the total transmittance becomes virtually =zero.
The large difference in the spectral composition of the transmitted
radiation for different air-mass spectra of incident radiation remains
unchanged, for every angle of incidence, as Tables 13 and 1.4 show.

Taking into account polarization is not justified by the
resulting slight increase in accuracy, for both total transmittance
and spectral composition of the *ransmitted radiation. Note (for
example Tables 1.3 and 1.6 ) that the inclusion of polarization leads

to a slightly higher total transmittance.
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Absorptance of individual layers

Glass plates

The absorptancé of the outside glass plate and the front glass
plate increases as the angle of incidence increases until about 70°
angle of incidence for the former and about 45° angle of incidence for
the latter, after which it starts decreasing rapidly. The rate of
change of absorptancé‘is always higher in the case of the outside glass
plate. The absorptancé” of the back glass plate remains almost constant
until about 20° angle of incidence and then it steadily decreases as
the angle of incidence increaseéT(Fig. 1.10 and Tables 1.3 to 1.6).

The spectral composition of the incident radiation is not an
important factor in determining the absorptance of the glass plates.
The highest difference in values of absorptance for different air-mass
spectra occurs in the case of the outside glass plate. This difference
does not exceed 3% of the incident radiation for the two rather
extreme cases of calculating the absorptance for air-mass 1 and 10.

Again the increased complexity of incorporatin3 polarization
into the analysis is not Jjustified by the small increase in the
accuracy of the absorptance.

Ligquid layer

The absorptance of the liquid becomes progressively lower with
increasing incident angle. The rate of this change is near zero until
a critical angle of incidence after which the rate increases rapidly.
The critical angle is 20O for the transwall elemewt with forward in-
coming radiation and 45° for the transwall element with backward in-
coming radiation. The effect is demonstrated in Fig. 1.11and Tables
1.3 to 1.6. The same holds for the individual sub-layers of the liquid
layer.

The spectral composition of the incident radiation is quite
important in determining the absorptance of the liquid for both
directiong of the incoming radiation, and angle of incidence smaller
than about 65° (Fig.l.11and Tables 1.3 to 1.4). For example, at o°
angle of incidence the difference of absorptance of the liquid for air-
mass 1 and air-mass 10 is about 7.5% of the incident radiation for
forward direction and about 9.7% of the incident radiation for back-
ward direction.

Again, taking into account the polarization of radiation in its
way through the optical systems is not justified by the better accuracy
of the calculated absorptance as Tables 1.3, 1.6 show. The reasons are

the same as in the case of total reflectance.

+for forward direction of %hg ihcowﬂn% radiation. .
w4 Foy bacwwavd direction similar but”imverse behaviour of ive abserplance
of the three qlass plales oceurs.
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1.3.2 Diffuse radiation from ithe sky

The properties of an optical system depend on the relative
magnitude of the intensity in all directions of the incoming diffuse
radiation. The distribution of the incident diffuse radiation
depends in turn, on the distribution of the solar diffuse radiation
intensity over the sky dome. It is well known that this distribution
is not uniform, but is a strong function of sky conditions and
atmospheric clarity (15), (36), (37). Unfortunately data on the non-
uniformity of the sky diffuse radiation is too sparse to establish an
acceptable technique for its calculation. The collected data shows
a concentration of diffuse radiation around the sun and (to a lesser

extent) at the horizon.

Fig.l.12

The increased intensity of diffuse radiation in the vicinity of the
sun (due to forward scattering of the solar radiation as it passes
through the atmosphere) has ied a number of investigators, among them
Cockroft (30) and Hull (34), to suggest a transfer of a proportion of
the sky diffuse radiation to the direct component of solar radiation.
This overcomes to some extent the under and over estimation of the
radiation falling on a scuth and north facing surface, respectively.

In the present analysis, the optical properties of the
transwall element in a vertical position for forward and backward
direction of the incoming radiation are calculated for four different
types of incident diffuse radiation.

The first type 1s the most commonly used, namely isotropic
sky diffuse radiation(Fig. 1.13),

The second and third type represent two different types of

anisotropic sky diffuse radiation, for each of which
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there was information available. These two types of radiation are for

a cloudless sky and solar altitude angle of 39° and for a cloudy sky
with solidstratocumulus clouds and solar altitude angle of 48°. The
distribution (relative) of these two types of sky diffuse radiation over
the sky dome are given in figure forms, in (36). Simplified tabular

forms of these distributions are given in Tables 1.7 ,4.8,

Table 1.7
Relative distribution of diffuse radiation over the sky dome for a

cloudless sky, for solar altitude angle of 39°

T1 90o 120000r ].500001' 1802 or 2102 or 2402 or 2’70O
60 30 0 330 300

tlo

0 0.8 0.8 0.8 0.7 0.6 0.8 1.0
15° 0.5 0.7 0.6 0.4 0.4 0.7 1.3
30° 0.3 0.5 0.4 0.4 0.4 0.6 1.3
45° 0.5 0.6 0.7 0.4 0.4 0.6 1.2
60° 0.9 0.9 0.9 0.5 0.4 0.6 0.8
75° 0.9 0.9 0.9 0.8 0.7 0.8 0.9
900° 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Note: The angles t,and T, are the lwo spherical coordinates of a sky point cor-

responding to a cartesian system CXYZ{Fig112)in which the directions of
axes OX,0Yand 0Z are the west-east | south-north and earth-zenilh

ditections raspec‘\;ively.
Table 1.8

Relative distribution of diffuse solar radiation over the sky dome, for

solid stratocumulus clouds, for a sclar altitude angle of 48O

T, 90° lBSOOor 1808 or 225000r 270°
45 0 315

tl

0° 0.8 0.8 0.8 0.4 0.6
15° 0.6 0.2 0.2 0.3 0.4
30° 0.3 0.4 0.4 0.5 1.0
45° 0.4 0.6 0.6 0.8 1.3
80° 0.6 0.7 0.8 0.9 1.3
75° 0.8 0.8 0.9 1.0 1.2
90° 1.0 1.0 1.0 1.0 1.0

Note: The angles t and T, are the two spherical coordinates of a sky pﬂn{ cor
respon&in {o a cartlesian sygiem D.XY'Z(FigMZ) inwhich the directions of
axes DX ONand 0Z arve +the west-east ,  wouwlh-morih and earth-zenith
dyrections Tespec’fi_vely,



34

The fourth type of incident diffuse radiation is the so-called
igsotropic incident diffuse radiation, in which the intensity of the

incident radiation is uniform in all direction as Fig. 1.13 shows.

51y
) /@%

77 777 77777 YA AN

isotropic exy diffuse isobropic incident diffuse
radiation. The intemsity radiation.

of the diffuse radimtion is Fig. 1.13

uniform over the sxy dome.
1.3.2a Calculation of the incident diffuse radiation coming from

the sky.
In Fig. 1.14 the sky dome is shown. The plane OXY is

actually the plane of horizon. The direction 0Z is the zenith direction.
The surface A, with vector ﬁg coplanar to plane Y(0Z, is tilted over the
horizon with tilt = 8°. 1In plane Y0Z, the angle €° has ‘the anticlock-
wise direction, from axis OY to axis 0Z (Fig. 1.14).

reoxl A '
‘.:KS c\.ome i z

0X axis is
normal to the
plane of the
> page

0& @°¢ 360°

horizon

3
lmo;a'l Aoy
axy dome Fig. 1.14

The intensity vector E% of the diffuse radiation at point P of
the sky dome, is actually on the plane X0S, tilted over the horizon,
with tilt = ¢ (Fig. 1.12).

If the co-ordinate system OXYZ turns angle t' around the axis
0X, a new coordinate system is produced OX'Y'Z'. Then plane O0XY'
is coplanar to plane X0S. {(0X = 0X').

Y

D ’
l:"/”I X

According to Fig. 1.15, the coordinates of point P in the system of

Fig. 4.15

coordinates OX'Y' are:
X; Cos (T) = X
Y, SIN (T) (

il

p
1.17)  where 180°¢ T  360°
0

It is obvious that Zé = (1.18)

The coordinates (Xé, pA Zﬁ) of system OX'Y'Z' are related

to the cecordinates (Xerﬁ’ZP)Of system 0XYZ, via the relations:
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X.= X!
p P
— 1+ - ] -t
Y, = Yl;* cos (-t) z) » SIN (-t
— 1 4 ' —4
ZP- YP # SIN (-t) + LY % cos (-t)

Because of relation {1.17) and (1.18),

>

X, = cos (T)
Y,= SIN (T) * Ccos (-t)
sz SIN (T) # SIN (-t)

The surface A with vector 3A receives radiation only from
that part of the sky dome, for which:
. [o] (o]
ot (1807 - &)

The components of vector P, are:

A
X, = COS (90°) » cos (& + 90°)
v, = SIN (90°) % cos (& + 90°)
z, = SIN (& + 90%)
or XA = 0 )
Y, = -SIN (&)
o]
z, = CoS (67) .
So, the angle of incidence i of the intensity vector I

and surface A, or the angle between the vectors f; and P is:

A
. -1
i=CoS "HXpr X\ + Ypx Y, 4 Zo% z,)]

A A
COS_l[(+SIN (T) % COS (t) = SIN (&)+

SIN (T) # SIN (£) * cos (&))]

or i

If Ip is the absolute value of vector I then the contri-
=
bution of point P of the sky with intensity vector Ip to the diffuse
radiation flux per unit solid angle in the direction OP, received
by surface A, is given by the relation®:
Aq, =-I_ * C0S (i)
So, the total diffuse radiation flux coming from the sky

dome § and received by the surface is:

= [Aqg xdw 1.19

q- e, (1.19)

The relatioqﬂ(l.lg) is approximated by the relation (1.20):
9 =2qu*Am (1.20)

that means that the whole sky dome is separated into N
equal small areas AA'p, each being assigned an intensity vector T;,
passing through its centre.
It is known that
Ao = AA'p/r2
where r 1is the sky dome imaginary radius.

So equation (1.20) takes the form:

+ The megative sign is explaimed by the fact that 1> 90°
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N
q= 2(-—:[p # COS (i) = AA'F /r2)
Al : -
qx( Z(—Ip % COS (1))) * (DA . /)
If Ig is the relative value of the intensity Ip against a normal
value I ,
o
e = 1 /I
p p/ o
then,

qz(%(—ls x COS (1))) » (I x DAty )

As far as the calculation of the optical properties of a
system is concerned the effect of each term I; * COS (i) on the
particular property is separately determined and then all these N
effects are properly averaged to give the value of the property for
the particular sky conditions (subroutines ANN, ANNI, RENE). Tables
1.7 and 1.8 give actual values of I; for the two types of aniso-
tropic sky diffuse radiation. For these tables, the values of angles
tland Tlare related to the Fig. 1.12 with the direction of axis 0OX
being the west-east direction and the direction of axis OY being the
south-north direction.

The ratio, Mnu, of the radiation flux received by a surface
for anisotropic sky diffuse radiation to the flux for an assumed

isotropic sky radiation is given by the following relation:
N

Mnu =Z(11-3 * COS (i))/(%_cos (i)

We called this ratio thenumber of anisotropy. The number of
anisotropy is a measure of the importance of accounting for the
anisotropy of the sky diffuse radiation.

Tables 1.9, 1.10 give values of Mnu, for south-facing and
north facing surfaces, corresponding to the nonisotropic sky conditions
of Tables 1.7 and 1.8, respectively, as functionsof surface tilt, &?.
Linear interpolation (subroutine TAIN) is used for those points P of

sky dome that do not have the exact values of angles Tland tlof the

first row and first column, respectively, of Tables 1.7 and 1.8.
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Table £.9 Table 1.10
Number of anisotropy of sky, Mnu, Number of anisotropy of sky, Mnu,
for south and north facing for south and north facing surfaces.
surfaces. Sky conditions of Sky conditions of Table 1.8 .
Table 1.7,
South~facing North-facing South-facing North-facing

tilt surface surface tilt surface surface

o° 0.623 0.623 o° 0.635 0.635

5 0.627 0.620 5 0.640 0.630

10 0.632 0.617 10 0.645 0.624

15 0.637 0.615 15 0.650 0.617
20 0.642 0.614 20 0.655 0.610
25 0.648 0.613 25 0.659 0.601
30 0.652 0.613 30 0.661 0.592
35 0.657 0.614 35 0.663 0.583
40 0.661 0.615 40 0.663 0.573
45 0.665 0.616 45 0.662 0.563

50 0.668 0.618 50 0.660 0.554

55 0.671 0.619 55 0.656 0.545
60 0.674 0.621 60 0.652 0.536
65 0.678 0.6822 65 0.648 0.528
70 0.682 0.623 70 0.640 0.521
75 0.687 0.623 75 0.632 0.514
80 0.693 0.623 80 0.624 0.508
85 - 0.699 0.622 85 0.615 0.503
90 0.707 0.622 90 0.605 0.499

Note. Because Mnu <:l, an assumption of isotropic diffuse radiation
for these two anisotropic sky conditions, actually over-estimates
the diffuse radiation received by an optical system. (Mnu)Southzy
(Mnu)North, that means south facing surfaces receive more

diffuse radiation than north-facing surfaces.
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Accounting for the polarization of sky diffuse solar radiation

Apart from the intensity, its angular distribution over the
sky dome, discussed just earlier, and the spectral composition,
discussed in Appendix F, the main fourth characteristic of the sky
diffuse radiation is its polarization. The radiation from the sun is
unpolarised, that is, its waves vibrate in all directions at right
angles to the line of sgight. The sun radiation, travelling through
the earth's atmosphere, is scattered by molecules and other particles
that are small with respect to the wavelength of radiation, so that
at each point in the sky its waves tend to vibrate in a specific
direction.

The pattern of polarization in the sky varies with the
position of the sun or, more exactly, with the orientation of the
plane of a triangle, formed by the sun, the observer (point 0 in Fig.
1.12) and the specific point observed on sky. At any point of the
sky dome the direction of polarization is always perpendicular to the
plane of such a triangle. By disregarding a few exceptions and
applying this general rule to all points in the sky the entire pattern
of polarization can be determined for any given position of the sun.

Computer programs have been developed elsewhere, that
gpecify both the direction and the degree of polarization for all
points in the sky, for different atmospheric conditions and for
spectral wavelengths ranging from the infrared to the ultraviolet
(36),(38).

In the present analysis, the effect of polarizaticn of sky
diffuse radiation on the optical properties of the transwall is
estimated with the following, somewhat arbitrary but relatively
simple method:

Each intensity vector Tb on the sky dome ie assigned the same degree
of polarization. The degree of polarization PO is defined by the
following relation:

P0 = (Il - I”)/(Il + I

Il)

where,
Il’ the component of intensity perpendicular to the plane of incidence
II!’ the component of intensity parallel to the plane of incidence
It is obvious that: I =1I, 6 + I
P 1 il
For unpolarized radiation, IL = Ill and P0 =0

The whole procedure is actually that described previously in

pages 32 to 36. The only difference here is that the two components
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of pclarization IL’ Ill

assigned magnitudes relative to the specified degree of polarization.

are not equal as previously, but have been

In sucha case , the computational procedure is applied twice for each

component of polarization in its path through the optical system.

1.3.2b Discussion of the results’
Only the transwall element in vertical position is examined at

present. The system faces south.

Total reflectance

There is a large difference in total reflectance between the
igotropic incident diffuse radiation and the three other types of sky
diffuse radiation. This difference is about 19% of the incident
diffuse radiation. The isotropic incident diffuse radiation actually
overestimates the total reflectance. The difference in total
reflectance between the isotropic sky radiation type and the two
unisotropic sky radiation types is rather small, not exceeding 3% of
the incident diffuse radiation. These can be shown in Table 1.1%1.

The equivelant angle of incidence of direct radiation that
gives the same total reflectance with the diffuse radiation is about
60o + 630, for the first three types of diffuse radiation, and about
72O + 75O for the 4th type of isotropic incident diffuse radiation,
for both directions of incoming radiation.

The gpectral composition of the incident diffuse radiation is
not so important in determining the value of total reflectance as
Tables 1.12 and 1.13 show.

The total reflectance, according to Table 1.14, constructed
using methodology of pp.38B:+39,shows a higher dependance on the degree
of polarization than on the spectral composition of the incident
diffuse radiation. Hull (34) used an averaged 20% degree of
polarization for the whole sky. What is suggested is a more accurate
approach on the calculation of the effect of sky diffuse radiation on
the optical properties of an optical system, incorporating the degree
and direction of polarization for all points in the sky.

Total transmittance

Again, there is a significant difference in total transmittance

between the isotropic incident diffuse radiation and the three other
types of sky diffuse radiation. This diffeiﬁgggﬁis about 9+10% of the
incident diffuse radiation. The isotropic’ diffuse radiation actually
underestimates the total transmittance of the transwall element. The

difference in total transmittance between the isotropic sky radiation



type and the two anisetropic éky radiation types is small, less than
2% of the incident diffuse radiation, as Table 1.1lshows. As far as
the spectral composition of the transmitted radiation is concerned,
this 1s almost identical for the first 3 types of sky radiation and
ig slightly different in the case of isotropic incident diffuse
radiation (Table 1.13).

The total transmittance changes a lot for different spectra
of diffuse radiation. The difference between the total transmittance
of air-mass 1 and air-mass 10 spectra of incident diffuse radiation
is about 10% of the incident diffuse radiation. Quite different is
the spectral composition of the transmitted radiation for different
spectra of the incident diffuse radiation, although the total
percentage of the vigible part remains almost constant (Table 1.12).

The polarization of the incident diffuse radiation does not
seem to be important in estimating the total transmittance of the
transwall element. Especially the spectral composition of the
transmitted radiation is almost identical for different degrees of
polarization.

Absorptance of the various glass plates

The type, the spectrum and the polarization of the incident
diffuse radiation are not important factors in determining the wvalue
of absorptance of the various glass plates. The difference that
appears in the Tables 1.11,1.12,1.13 and 1.14 can be considered little
in comparison with the uncertainties in estimating the type, the
spectrum, the polarizstion and the value itself of the incident
diffuse radiation.

Absorptance of the liquid

A rather large difference has been found in the absorptance
of the liquid between the isotropic incident diffuse radiation and
the three other types of sky diffuse radiation. This difference is
4.5 to 5% of the incident diffuse radiation for the transwall element.
The difference in absorptance between the isotropic sky radiation and
the two anisotropic sky radiation types is almost zero as Table 1.11
shows.

The spectral composition of the incident diffuse radiation is
important as Tables 1.12 and 1.13 show for forward and backward,
respectively, incoming radiation. The difference in absorptance of
the liquid between air-mass 1 spectrum and air-mass 10 spectrum of

incident diffuse radiation is about 6 tc 9% of the incident radiation.
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The polarization of the diffuse radiation does not seem to
play any important role in determining the value of the absorptance
of the liquid according to Table 1.14.

1.3.3 Diffuse radiation from the ground

One part of the diffuse radiation falling on an optical system
comes from the diffusely reflected direct and diffuse radiation that
falls on the ground. There is a dearth of knowledge on the relative
magnitude of the intensity in all directions of this diffuse radiation
from the ground and every assumption is rather speculative.

The optical properties of the transwall element can be
calculated for any type of incident diffuse radiation from the ground
by adopting the analysis of section 1.3.2a concerning the incident
diffuse radiation from the sky. In this case the introduction of the
concept of an imaginary sky dome is necessary. This imaginary sky
dome from which the radiation is supposed tc come is the other half
of the real sky sphere, the half underneath the horizon (Fig. 1.12
and 1.14). There are two other differences in the analysis: (1) the
surface A with vector 3A (Fig. 1.14) receives radiation only from
that part of the imaginary sky dome, for which O é;fg <:éﬁ (Instead
of angle t5 the angle tg is used in the present case, Fig. 1.14) and
T

(2) the angle of incidence igrof vector of intensity Pg

of imaginary sky dome and vector 3A
i = Cos™"[(+4SIN (T) » COS (tg) » SIN (&)-

g
SIN (T) » SIN (tg) = cos (&°))]

of point P
P g

is:

Discussion of the results

What has been discussed for the diffuse radiation from the
sky in the case of the transwall element in the vertical position
applies to the diffuse radiation from the ground. However, the
uncertainty over the spectrum of the diffuse radiation from the

ground is much higher.
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Table 1.12
Total reflectance and transmittance of the transwall element.
Absorptance of each layer and spectral composition of the transmitted
radiation for isotropic sky diffuse radiation of air-mass 1, 2, 4, 7
and 10, equally polarized. Transwall in vertical position, account
taken of polarization, forward direction.

% of incident radiation

Air-mass
1 2 4 7 10
reflectance 20.8 20.7 20.5 20.1 19.7
transmittance  31.7 30.7 28.5 25.1 22.1
0.3 + 0.85 pm 0.0 0.0 0.0 0.0 0.0
3 0O %
0.35 + 0.4 pm 5.3 3.5 1.7 0.6 0.2 ™%
|ie
0.4 + 0.6 pm 58.4 56.4 51.2 42.4 34.0 ¢ p
o & B
0.6 + 0.75pm 28.5 31.2 37.0 44.1 49.7 5 8 ©
0.75 + 0.9 pm 7.8 8.9 10.1 13.0 16.1 X §
28
0.9 + 1.2 pm 0.0 0.0 0.0 0.0 0.0 %@
1.2 + 2.1 pm 0.0 0.0 0.0 0.0 0.0 £
2.1 + 4.1 pm 0.0 0.0 0.0 0.0 0.0 s
bsorpt. of 15.0 14.9 15.3 16.5 17.6
outside glass
Absorpt. of 11.5 11.8 12.3 13.0 13.6
front glass
Absorpt. of 16.7 17.5 19.2 21.1 23.0
liguid
BAbsorpt. of 4.3 4.4 4.3 4.2 4.0

back glass
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Table 1.13
Total reflectance and transmittance of the transwall element.
Absorptance of each layer and spectral composition of the transmitted
radiation for isotropic sky diffuse radiation of air-mass 1, 2, 4, 7
and 10, equally polarized. Transwall in vertical position, backward
direction of incoming radiation, account taken of polarization.

% of incident radiation.

Air-mass

i 2 4 7 10
reflectance 16.6 16.4 16.0 15.3 14.7
transmittance 31.7 30.7 28.5 25.1 22.1
0.3 + 0.35pm 0.0 0.0 0.0 G.0 0.0
0.35 + G.4 pm 5.3 3.5 1.7 0.6 0.2 §J8’§
0.4 + 0.6 pm 58.4 56.4 51.2 42.4 34.0 §;§ %
0.6 + 0.75 pm 28.5 31l.2 37.0 44.1 49.7 é.é =
0.75 + 0.9 pm 7.8 8.9 10.1 13.0 16.1 giggé
0.9 + 1.2 um 0.0 0.0 0.0 0.0 0.0 gig.
1.2+ 2.1 pm 0.0 0.0 0.0 0.0 0.0 g
2.1 + 4.1 pm 0.0 0.0 0.0 0.0 0.0 S
Absorptance 2.8 2.8 2.8 2.7 2.6
outside glass
Absorptance 6.1 6.2 6.1 6.0 5.8
front glass
Absorptance 24.0 25.1 27.4 30.3 32.8
liquid
Absorptance 18.8 18.8 19.3 20.6 21.9

back glass
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Table 1.14

Total reflectance and transmittance of the transwall element. Absorptance

of each individual layer and spectral composition of the transmitted

radiation for isotropic sky diffuse radiation of air-mass 2, unequally

polarized.

polarization.

Reflectance

transmittance
0.30 + O.85|un
0.35 = 0.40 pm
0.40 + 0.60 pm
0.60 + 0.75 pm
0.75 + 0.90 pm
0.90 + 1.20 pm
1.20 + 2.10 pm
2.10 4.10 pm

*

absorptance of
cutside glass

absorptance of
front glass

absorptance of
1st liquid
layer, 1.2 em

absorptance of
2nd liquid
layer, 12.6 em
absorptance of
3rd liquid
layer, L.2cm
absorptance

of liquid

absorptance of
baew %QQSS

Note: the values are percentages of incident radiation.

Transwall in vertical position, account taken of

Values are given also for backward direction.

—-20%

18.5
31.9
0.0
3.5
56.3
31.2
8.9
0.0
C.0
0.0
14.9

12.1

12.5

17.9

4.5

Degree of polarization

back- 0% back- 20%
ward ward
14.6 20.7 16.4 22.9
31.9 30.7 30.7 29.5
0.0 0.0 0.0 0.0
3.5 3.5 3.5 3.5
56.3 56.4 56.4 56.5
31l.2 31.2 31.2 31.1
8.9 8.9 8.9 8.9
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
2.9 14.9 2.8 14.9
6.2 11.8 6.2 11.4
0.4 12.2 0.4 11.7
7.6 5.1 7.4 4.9
17.5 0.2 17.3 0.2
25.5 17.5 25.1 16.8
19.0 4.4 18.8 4.2

back-
ward

18.2
29.5
0.0
3.5
56.5
31.1
8.9
0.0
0.0
0.0
2.8

17.0

24.8

18.6

40%

25.1
28.3
0.0
3.5
56.6
31.0
8.8
0.0
0.0
0.0
14.9

11.1

11.4

16.4

4.1

back-
ward

19.9
28.3
0.0
3.52
m
56.6 O
[o]
31.0°7°
8.8%
0.0
0.0
0.0
2.7

/o)

16.8

24.5

18.4
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1.4 THE 3-DIMENSIONAL RAY-TRACING TECHNIQUE IN THE CASE OF A
TRANSWALL MODULE WITH ONE OQUTSIDE GLASS PLATE,

The 3-dimensional ray-tracing technique is applied %o the
transwall element,examined earlier in the application of the 1-
dimensional technique foran infinite number of internal reflections.

Basic features and dimensions of the transwall element,
important for the l1-dimensional technique, have already been given in
section 1.3. In the present section, pages 47 to 49, additional
information is given which is necessary for the 3-dimensional technique.
This additional information itself shows the complexity of the 3-dimensiornal
technique versus the l-dimensional technique.

The radiation absorbed by each control volume is given in
pages 51 to 58 for 5 different cases. For each case, the 3 components
of the direct radiation vector and the angle of incidence of the
vector with surface BB (See Fig. 1.17) are given in Table 1.15. The

spectrum of incident direct radiation is that of air-mass 2.

Table 1.15
Direct radiation vector components
Case — 1 2 3 4 5
?omponent
VX 1.0 0.9848078 0.9396926 0.9396926 0.7660444
Vy 0.0 0.0 0.2418448 0.0 0.4545195
VZ 0.0 0.1736482 0.2418448 0.3420201 0.4545195
Angle of
incidence™ 07 10° 20° 20° 40°

The incident radiation only passes through a part of the outer
boundary of the space surrounding the optical system, that is the
surface with X = 0 (BB, at Fig. 1.17).

The control volumes and areas are generally unequal. The
discrete pencils of the incoming radiation are not distributed
uniformly over the whole surface BB. The energy, corresponding to
each area, is distributed in the form of 16 equal pencils of

radiation at 16 points over the whole control area according to Fig.4i.16.
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Description of the transwall element components and surfaces

{A number inside brackets implies surface)

outside glass plate (0.004m x 1.251m x 0.640m)

front glass plate (0.006m x 1.132m x 0.598m)

back glass plate (0.006m x 1.132m x 0.598m)

base glass plate of transwall module (0.150m x 1.132m x 0.006m)
, 6 side glass plates of transwall module (0.150m x 0.006 x 0.592m)

0il layer (0.150m x 1.120m x 0.010m)

air layer (0.150m x 1.120m x 0.015m)

© 0 N o b~ O N =

Liquid (0.150m x 1.120m x 0.567m)

et
o

insulation cover, non-transparent (0.195m x 1.260m x 0.072m)

ot
)

insulation base, non-transparent (0.162m x 1.132m x 0.055m)

ot
n

outside glass plate frame, non-transparent,

(0.004m x 1.260m x 0.021m) and (0.004m x 1.260m x 0.064m) and

2 x (0.004m x 0.0045m x 0.640m)

(18) outside surface of 12, (1.260m x 0.021m),
(1.260m x 0.064m) and 2 x (0.0045m x 0.640m)
absorpt. = 0.80

(17) inside surface of 12, (1.260m x 0.021m), (1.260m x 0.064m)
and 2 x (0.0045m x 0.640m) absorpt. = 0.80

(19) internal surface of 12, 2 x (0.004m x 1.251m) and
2 x (0.004m x 0.640m) absorpt., = 0.20

(24) top surface, opaque, (0.0323m x 1.260m)
absorpt. = 0.80

(25) bottom surface, opaque, (0.0653m x 1.260m)
absorpt. = 0.80

(13) front surface of 10, (1.260m x 0.072m)
absorpt. = 0.20

(18) external bottom surface of 10, (0.033m x 1.260m)
absorpt. = 0.80

(21) internal bottom surface of 10, (0.162m x 1.260m)
absorpt. = 0.20

(22) back surface of 10, (1.260m x 0.072m)
absorpt. = 0.20

(14) front surface of 11, (1.132m x 0.055m)
absorpt. = 0.80

(20) top surface of 11, (0.162m x 1.132m)
absorpt. = 0.20

(23) back surface of 11, (1.132m x 0.055m)

absorpt. = 0.20
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(26) side surfaces 2 x{0.162m x 0.598m)
absorpt. = 0.20

15 side insulation, non-transparent
2 x(0.162m x 0.064m x 0.653m)

(27) front surfaces of 15 2 x(0.064m x 0.653m)
absorpt. = 0.20

(28) back surfaces of 15 2 x(0.064m x 0.653m)
abgorpt. = 0.20

Table 1.16

Dimensions of control volumes DX, DY and DZ along the X, Y and Z

axis respectively

Number of along X axis Number of Along Y axis Number of Along Z axis

control control control

volume, NX m volume, NY m volume, NZ m
1 0.001 1 0.064 1 0.072
2 0.004 2 0.006 2 0.015
3 0.0323 3 0.370 3 0.010
4 0.033 4 0.380 4 0.080
5 0.006 5 0.370 5 0.095
6 0.012 6 0.006 6 0.1085
7 0.030 7 0.064 7 0.1085
8 0.033 8 0.095
] 0.033 9 0.080
10 0.030 10 0.006
11 0.012 11 0.055
iz 0.006

13 0.0001
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In all cases, the incident radiation is 388 W/m2 and the
results are given in mW of energy absorbed by each control volume.
In Table 1.17 a comparison can be made between the l-dimensional
technique and the 5 cases of the 3-~dimensional technique. Values
obtained without taking into account the polarization of the
radiation in its way through the system are also given for the 3rd
and 5th case. Total transmittance and absorptance are referred to
the radiation falling only on the glass part of the front surface of
the whole system.

It should be stressed again that the success of the technique depends
very much on the number and type of control volumes and the
distribution of incident radiation over the outer boundary (or part
of it). However, from pages 51 to 58 it is quite clear that the
control volumes with the higher Z co-ordinate and for the 3rd and

5th case with the higher Y co-ordinate absorb much more radiation.

Table 1.17

Comparison between the l-dimensional and 3-dimensional
technique. % of incident radiation.

Total Total Total
reflectance transmittance absorptance
1-D, 0° angle 11.2 37.7 51.1
of incildence
3-D, 1st case 12.4 33.7 47.8
1-D, 10° angle 11.2 37.6 51.2
of incidence
3-D, 2nd case 12.4 33.5 48.5
1-D, 20° angle 11.2 37.4 51.4
of incidence
3-D, 3rd case 12.4 33.1 47.8
3-D, 3rd case 12.4 32.7 48.4
no account of
polarization
3-D, 4th case 12.4 32.7 48.5
1-D, 40°angle 11.9 35.9 52.2
of incidence
3-D, 5th case 12.9 31.8 50.1
3-D, 5th case 12.4 31.6 50.6

no account of
polarization
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Table 1.18 (contd.)

3—-dimensional ray-tracing technique case 1 (see Table 1.15)

Nz yY NX— 2 5 6 7 8 9 10 11 12
' 1 340 0 0 0 0 0 0 0 ¢}
2 28 27 37 49 24 11 6 1 0
8 3 1779 1742 2022 503 163 113 92 35 639
4 1828 1789 2077 517 167 116 95 36 656
5 1779 1742 2022 503 163 113 92 35 639
6 28 27 37 49 24 11 6 1 0
7 340 0 0 0 0 0] 0 0 0]
1 286 0 0 0 0 0 0 0 0
2 22 23 31 41 20 te] 5 1 0]
3 1498 1467 1702 424 137 95 78 30 538
9 4 1539 1507 1748 435 141 97 80 30 552
5 1498 1467 1702 424 137 95 78 30 538
6 22 23 31 41 20 9 5 1 0
7 286 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 0]
10 3 Q 0 0 0 0 0 0 0 0
4 0 0 0 0 0 o} 0 0 0]
5 0 0 0 0 0 ¢} 0 0 0
6 0 0 0 0 0 0 0 0 0]
7 0 0 0 ¢} 0 0 0 0 0

See note of page S8,
Table 1.19

3—-dimensional ray-tracing technique case 2 (see Table 1.19)

Nz ?Y NX— 2 5 6 7 8 9 10 11 12
1 207 ¢ o 0 0 ] 0 0 0]
2 18 0 0 0 0 ¢ 0 0 0
1 3 1205 0 0 0 0 0 0 0 0]
4 1237 0 0 0 0 0 0 0 0]
5 1205 0 o 0 0 o o) 0 0]
6 18 0 0 0 0 0 0 0 0
7 207 0 0 0 0 0 0 0 0
1 54 0 0 0 0 0 0 0 0
2 5 4 5 6 2 1 0 0 0
5 3 277 302 0 0 0 0 0 0 70
4 285 310 0 0 0 0] 0 0 72
5 277 302 0 0 0 0 0 0 70
6 4 4 5 6 2 1 0 0 0
7 54 0 0 0] o) 0 0 0 0
1 35 0 0 0 0 0 0 0 0
2 2 2 3 4 1 0 0 0 0
3 3 184 179 1022 188 537 11 0 0 0
4 189 184 1051 193 552 11 0 0 0
5 184 179 1022 188 537 11 0 0 0
6 2 2 3 4 1 0 0 0 0
7 35 0 0 0 0] 0 0 0 0
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Table 1.19 {contd.)

3-dimensional ray-tracing technique case 2 (see Table 1.1%)
NZ ¥Y NX— 2 5 6 7 8 9 10 11 i2
l 1 316 0] 0 0 0 0 0 o 0
2 22 22 30 40 19 8 4 1 0
4 3 1508 1468 1728 425 126 82 68 26 485
4 1549 1508 1774 437 130 84 69 28 498
5 1508 1468 1728 425 126 82 68 26 485
6 22 22 30 40 19 8 4 1 0
7 316 0 0 0 0 0 0 0] 0
1 379 0 C 0 0 0 0 0 9]
2 27 27 36 48 24 11 5 1 0
3 1791 1728 2022 497 169 111 89 34 658
5 4 1840 1775 2077 510 174 114 91 35 676
5 1791 1728 2022 497 169 111 89 34 658
6 27 27 36 48 24 11 5 1 0
7 379 0] 0 0 C 0] 0 0 0
1 444 0 0 0 0 0 0O 0 0
2 32 31 41 55 27 13 7 2 0
6 3 2060 1977 2313 571 184 137 102 39 750
4 2115 2031 2375 587 189 141 105 40 770
5 2060 1977 2313 571 184 137 102 39 750
6 32 31 41 55 27 13 7 2 0
7 444 0 0 0 0 0 0 0 0
1 437 0 0 0 0 0 0 0 0
2 32 31 42 55 27 13 7 2 1
7 3 2050 2010 2350 579 186 129 106 40 772
4 2105 2064 2414 595 191 132 108 41 792
5 2050 2010 2350 579 186 129 106 40 772
6 32 31 42 55 27 13 7 2 1
7 437 0 0 0 0 0] 0 0 0]
1 374 0 0 0 0 ¢} 0 0 0
2 27 28 37 49 24 11 5 2 0
8 3 1785 1791 2095 515 165 104 96 36 697
4 1833 1840 2152 529 170 170 98 37 716
5 1785 1791 2095 515 165 104 96 36 627
6 27 28 37 49 24 11 5 2 0
7 374 0 0 0 0 0 0 0 0
1 324 0 0 0 0 0 0 0] 0
2 22 23 31 42 19 9 5 1 0
9 3 1515 1512 1768 436 135 101 85 33 618
4 1556 1552 1816 448 139 104 88 34 634
5 1515 1612 1768 436 135 101 85 33 618
6 22 23 31 42 19 9 5 1 0
7 324 0] 0 0 0 0 0] 0 0]
1 0] 0 C 0 0 0 0] 0 0
2 0 2 3 4 2 1 Q 0 0
10 3 0 184 250 272 252 148 692 21 14
4 0 189 257 279 258 152 71 21 15
5 0] 184 250 272 252 148 69 2L 14
6 0 2 3 4 2 1 0 0 0]
7 0 0 0] 0 C 0 0 0 0

See note of page 58.




Table 1.20

3—-dimensional ray-tracing technique case 3 (see Table LA9H)

NZ QY NX—= 2 5 6 7 8 9 10 11 12
1 1 193 0 0 0 0 0 0 0 0
2 14 0 0] 0 0 0 0 0 0
1 3 1137 0 0 0 0 0 0 0 0
4 1164 0 0 0 0 0 0] 0 o
5 1133 0 0 0 0 0 0 0 0
6 14 0 0 0 0 0 o 0 0
7 181 0] 0 0 0 0 0 0 o
1 49 0] 0 0 0 0] 0 0 0
2 4 0 0 0 0 0 0 0 0
5 3 293 226 0 0] 0 0 0 0 10
4 300 226 0 0 0 0 0 0 10
5 292 220 0 0 0 0 0 0 10
6 4 0 0 0 0 0 0 0 0
7 48 0 0 0 0 0 0 0 0
1 31 0] ¢} 0 0 0 0 0 0
2 2 0] 0 0 0 0 0 0 0
3 3 176 167 1099 5565 0 0 1 0] 0
4 177 169 1102 561 0 0] 1 0] 0
5 172 165 1073 546 0 0 1 0] 0
6 2 0 0 0 0 0 0 0 0
7 32 0 0 0 0 0 0 0 0
1 270 0 0 0 0 0 0 0 o
2 24 0 0 0 0 C 0 0 0
4 3 1497 1515 1741 378 120 75 60 23 397
4 1508 1516 1742 380 121 75 60 23 397
5 1468 1476 1696 370 118 73 59 22 386
6 21 0 0 0 0 0 0 0 0
7 273 0 0 0 0 0 0 0 0
1 324 0 0 0] 0] 0 0 0 0]
2 31 0 0 0 0 0] 0 0 0
5 3 1787 1705 1997 513 151 INES] 88 33 685
4 1793 1701 1993 513 152 116 88 33 672
5 1746 1656 1940 500 148 113 85 32 655
6 26 0 0 0 0 0 0 0 0
7 331 0 0 0 0 0 0 0 0
1 366 0 0 0 0 o) 0 0 0
2 35 0 0 0 0 0 0 0 o
6 3 2027 1948 2060 572 178 123 110 40 728
4 2038 1946 2256 571 179 122 110 40 725
5 1984 1894 2196 556 174 119 107 39 706
6 30 0 0 0 0 o 0 0 e
7 374 0 0 0 0] o 0 0 0
1 367 0 0 0] 0 O 0 0 0
2 36 0 0 0 0 o 0 o} 0
7 3 2032 1982 2298 562 180 126 104 40 762
4 2041 1978 2294 562 181 126 104 40 759
5 1987 1926 2234 546 176 123 101 39 739
6 30 0 0 0 0 0] 0 0 0
7 375 0 0 0] 0 0 0 0 0
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Table 1.20 (contd.)

3—dimensional ray-tracing technique case 3 (see Table 1.15)
NZ ?Y NX— 2 5 6 7 8 9 10 11 12
l 1 323 0 0 0 0 0 0 0 0
2 32 0 0 0] 0 0] 0 0 0
8 3 1784 1767 2050 481 160 115 85 34 701
4 1790 1764 2046 481 160 114 85 34 699
5 1743 1717 1992 468 156 111 83 33 681
6 26 0] 0 0 0 0 0 0 0
7 330 0 0 0] 0] 0 0] 0 0
1 268 0 0 0 0 0 0O ] 0]
2 25 0 0 0 0 0 0] 0 o]
9 3 1489 1490 1714 407 143 94 86 33 599
4 1499 14898 1712 406 144 94 86 33 597
5 1459 1450 1667 396 140 Q2 84 33 581
6 21 C 0 0 ¢] 0 0 0 0
7 273 0] 0 0 0 0 0 0 0
1 0 0 0 0 0 0 (0] 0 0
2 0 Q 0 0 0 0 0] 0 0
10 3 0] 8 63 192 75 194 87 21 49
4 0 5 60 190 72 194 85 21 49
5 0 5 59 185 70 189 83 20 48
6 0] 0 0 0 0 0] 0 0 0
7 0] 0 0 Q 0 0 0] 0] 0
See note of page 58.
Table L.21
3-dimensional ray-tracing technique case 4 (see Table 1.19)
NZ ?Y NX—» 2 5 6 7 8 9 10 11 12
‘ 1 191 0 0] 0 0] 6] 0 0] 0
2 16 0 0 0 0 0 0 0 0
1 3 1112 0] 0] 0 0 0 0 0 0
4 1142 0] 0 0 0 0 0 0 0
5 1112 0 0 0 0 0 0] 0O 0
6 16 0 0 0 0 0 0 ¢] ]
7 191 0 0 o 0 0 0 0] 0
1 51 0 0 0 0 0 0] 0 0
2 4 2 ¢ 0 0] 0 0 0 0
5 3 296 121 0 0 0] 0 0 0 0]
4 304 124 0 0 0 0 0 0 6]
5 296 121 0 0] 0 0 0 ] 0]
6 4 2 0 0 0 0 0 0 0
7 51 0 0 0 0 0 0 0 0
1 29 0 (0] 0 0 0 0 0 0
2 2 2 5 5 1 0 0 6] 0
3 169 168 1470 0 0 0 0 O 6
3 4 173 173 1510 0] 0 0 0 0 0
5 169 168 1470 0 0 0 0 0 0
6 2 2 5 5 1 0] 0 0 0
7 29 0 0 ¢ 0 0] 0 0 C
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Table L.24 {(contd.)

3-dimensional ray-tracing technique case 4 (see Table 149 )
NZ ¥Y NX—» 2 5 6 7 8 9 10 11 12
1 1 304 0 0 0 0 0 0 0 0
2 21 21 30 38 17 7 4 1 0
4 3 1474 1401 1646 386 113 68 53 18 341
4 1514 1439 1691 396 116 70 54 18 350
5 1474 1401 1646 386 113 68 53 i8 341
6 21 21 30 38 17 7 4 1 0
7 304 0 0] 0 0 0 0 0 0
1 373 0 0 0 0 0 0 0 0
2 27 25 33 46 22 10 5 1 0
5 3 1744 1621 1880 475 151 111 86 35 664
4 1791 1665 1931 488 155 115 88 36 682
5 1744 1621 1880 475 151 111 86 35 664
6 27 25 33 46 22 10 5 1 0
7 373 0 0 0 0 0 0 0 o]
1 419 0 0 0 0 0 0 -0 0
2 31 33 40 51 26 12 6 2 1
6 3 1983 2102 2380 530 182 117 106 37 695
4 2036 2156 2444 544 187 120 109 38 714
5 1983 2102 2380 530 182 117 106 37 695
6 31 33 40 51 26 12 6 2 1
7 419 0 0 0 0 0 0 0 0
1 423 0 0 0 0 0 0 0 0]
2 31 30 40 53 26 12 6 2 0
7 3 1987 1926 2234 546 176 123 101 39 739
4 2041 1978 2294 562 181 126 104 40 759
5 1987 1926 2234 546 176 123 101 39 739
6 31 30 40 53 26 12 6 2 0
7 423 o] 0 0 0 0] 0 0 0]
1 374 0 0 0 0 0 0 0 0
2 27 23 35 48 22 10 5 1 0]
8 3 1745 1510 1809 495 148 113 83 35 691
4 1792 1550 1858 508 152 116 86 36 710
5 1745 1510 1809 495 148 113 83 35 691
6 27 23 35 48 22 10 5 1 0
7 374 0 0 0 0 0 0 0 0
1 307 0 0 0 0 0 0 0 0]
2 21 23 31 39 20 10 5 1 0
9 3 1460 1484 1721 408 | 135 91 82 30 580
4 1500 1524 1768 419 139 93 84 30 595
5 1460 1484 1721 408 135 91 82 30 580
6 21 23 31 39 20 10 5 1 0
7 307 0 0 0 0 o] 0 o] 0
1 0 0 0 C 0 0] 0 o 0
2 0 2 3 5 2 1 6] 0 0
10 3 0 176 223 389 253 295 199 94 27
4 0 180 229 400 260 304 204 a7 28
5 0 176 223 389 253 295 199 94 27
6 0 2 3 5 2 1 0 0 0
7 C 0 0 0 0 0 0 0 0]

See note of page 58.
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case 5 (see Table 4.19)
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Table 1.22 (contd.)

3-dimensional ray-tracing technigue case 5 (see Table 1.15)
NZ yY NX—w 2 5 6 7 8 9 10 11 12
l 1 245 0 0 0 0 0 0 0 0
2 32 0 0] 0 0 0 0] 0 0
8 3 1524 1593 1747 413 129 97 82 29 564
4 1537 1473 1613 382 121 90 77 27 528
5 1497 1434 1570 371 118 88 75 27 515
6 19 0 0 7 11 0 ¢} 0 0
7 254 0 0 0 o] 0 0 0 0
1 206 ¢} 0 0] ¢} 0 0 0 0
2 25 0 0 0 0 0 0 0 0
3 1283 1204 1403 352 115 84 70 27 557
° 4 1294 1111 1295 327 108 79 66 26 522
5 1260 1082 1261 317 105 77 64 25 509
6 15 0 ] 6 10 0 0 0 0
7 214 0 0 0 0 0 0 0 0
1 0 0 0 0 0 o] 0 0 0
2 0 0 0 0 0 0 0 0 0
10 3 0 167 203 398 339 303 245 115 19
4 0 146 188 368 318 284 230 108 18
5 0 142 183 357 309 277 224 106 17
6 0 0 0 0 1 0 0 0 0
7 0] 0 0 0 0 0 0] 0 0
Note:

The control volumes with NX:l, 3, 4, 13 and with NZ=11 absorb
zero radiation.

The values are in mW.
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CHAPTER 2
THERMAL: MODELLING OF A TRANSWALL PASSIVE SOLAR SYSTEM

Introduction.

The thermal modelling of a passive solar system by an analytical
model and by a small test-box is presented in section 2.4 and 2.5,
respectively. Although continuous improvement of computers will

tend to favour analytical modelling of passive solar systems, there

are certain disadvantages in their use. When an accurate simulation

of the long term thermal per®rmance of a system is needed, analytical

models, especially of multi-room passive solar systems, tend to
become complex and very computer—time consuming. Further there are
physical phenomena that take place in buildings, or some peculiarities
of the site, such as an irregular south~facing slope or nearby trees,
that have not yet been studied enough to establish worthwhile simulation
procedures. This explains why there is always a need for thermal
modelling by using test-rooms (4), (55). Apart from the test rooms'
obvious advantage of the experimental study of the physical phenomena
on site, they are expensive and rather inflexible. The thermal
modelling of passive solar systems with small test—boxes, described
by Grimmer (52), (53), and Lee (54%), reduces the problems of cost

and inflexibility but introduces the difficult problem of the

simultaneous scaling down of many physical phenomena which occur in
real buildings. Nevertheless, the arguments presented by Grimmer(52)
were sufficiently attractive to construct a test-box to allow the study
of real transwall modules or other passive solar systems elements

under real outside conditions. The theoretical approach which was
followed for the construction of the test—box is presented in section
2.5. This approach has certain differences from that suggested by
Grimmer (52), which is also presented in the same section.

The experimental thermal behaviour of the test-box has been
computer simulated using solar, wind and ambient temperature data
inputs. The computer simulaticn has been based on the analytical
model of the passive solar system. This first verification of the
analytical modelling in the case of the small test-—box can be considered
satisfactory taking into account the uncertainties relating to various
weather parameters and the optical and thermal properties of the
various elements of the test-box. (Section 2.6).

The basic characteristic of the analytical model is the separation
of the whole passive system into a finite number of control volumes,
each one represented by a node. The temperature of each node is

calculated by discretization of the energy equation over each control




volume and time interval At. The control volumes are divided into
groups in such a way that the nodes of each group lie on a
particular line. These lines start and finish at ambient
temperature apart from one line that may finish at ground temperature.
This is important because it allows not only for the easy treatment
of complicated shapes of passive systems in 3-dimensions but also
for the use of the line-by-line iterative solution of the
discretized energy equations. Thus, the equations of each group
of control volumes belonging to a particular line are solved
separately. Problems in using this line-by-line procedure that
might arise because of discontinuity between convection and conduction
regions are overcome easily by the introduction of a new formulation
of the heat fluxes at the interface of the conduction and convection
regions (section 3.1.4). Solving the discretized equations along
the lines from ambient tc ambient temperature or from ambient to
ground temperature is important because any information along the
1iné is transmitted at once to the whole domain and the convergence
of the procedure seems to be faster. This is believed to be an
advantage of the present analytical modelling of complicated passive
solar systems in respect to other finite difference methods (30)
(44). The present method uses semi-empirical relations to caleulate
mass fluxes and some of the heat fluxes at internal, external surfaces,
alr cavities, transwall modules etec. Most of these relations are
non-linear but are easily incorporated in the method, whereas the
other main category of methods — response factor techniques - is
challenged when non-linear processes have to be approximated (28) (30).

The success of the analytical modelling depends on accounting
for the 3-dimensional solar radiation field outside and inside the
passive solar system (sections 2.1 and 2.2.). The methods developed,
accompanied by the techniques of chapter 1, allow for an accurate
distribution of the total incident radiation among the various
elements and surfaces of the passive system.

The method of distributing the solar radiation among the
various internal surfaces of an enclosure (section 2.2) is applied
to the 'convex' parallelepiped enclosure of the test-~box (section 2.3).
The analysis of the results showed that the distribution of the total
incident radiation among the various elements and internal surfaces of
the passive system depends on the type of the passive system element,
the proportional composition of solar radiation into direct and diffuse,

the spectrum of radiation and the optical properties of the internal




61

surfaces. For the particular transwall system enclosure, solar
radiation and optical properties of the internal surfaces the effect
of change in the depth of the parallelepiped was not significant.
The application also shows that the common assumption that all the
solar radiation entering the enclosure is absorbed by its opaque
surfaces may in fact lead to substantial errors, especially in the
case of direct systems. The applicability of the method to very
complicated enclosures is shown in the example of a typical

glasshouse (greenhouse) with E-W transwalls presented in Appendix L .
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2.1. RADIATION FALLING ON AN UNOBSCURED EXTERNAL
PLANE SURFACE.

The radiation falling on an external surface consists mainly
of solar radiation (O.3um<X<4.lym) and longwave radiation (XDU.lum)
2.1.1 Solar Radiation

It consists of three components:

Direct radiation

Diffuse radiation from the sky

and reflected radiation from the ground or nearby buildings.

Direet Radiation

The direct radiation received by the external surface is
qp =-RAD # cos (i) (W/me)
where RAD is the absolute value of the direct radiation wvector, i
The calculation of the angle of incidence i presented here is
different from the conventional one of cumbersome relations (as in
(14) or (15)). The components of vector P normal to the surface
are first calculated and then the components of the direct
radiation vector V. The reference co-ordinate system is O.SEZ,
shown in Fig. 2.1. If the external surface 1ls transparent or
semi~transparent to the incident direct radiation, the knowledge
of the componen%s of the direct radiation vector may be of value
for a successive analysis, for example the distribution of solar
radiation among the surfaces of an enclosure. This analysis can be
applied to other non-plane external surfaces, each point of which is

given with its associated vector B.

7 (zenith)
4

; S (south) Fig, 2.1
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._).
The three components of vector P are :

Px = sin (f) * cos (aw) (2.1)
Py = sin (f) % sin (aw) (2.2)
Pz = cos (F) (2.3)
The three components  of the direct radiation V are:
Vx = -cos (as) * cos (a) (2.4)
Vy = -sin (as) * cos (a) (2.5)
Vz = -sin (a) (2.6)

where the angles g8 a8, a and a_ are defined

in Fig., 2.1
Bois the surface tilt angle measured from the horizon

a. is the wall azimuth angle measured from the axis 0S (Qw>o,
for east of south, a <o for west of south)

a isthe solar altitude angle, calculated from relation F2 of
Appendix F
asigthesolar azimuth angle measured from the axis 0S (as>o )

for east of south, as<o, for west of south)

a, = (cos(és) % sin (hs))/cos(a)

where the declination angle SS and solar hour angle hS are defined
on page F3 of Appendix F. So the angle of incidencei is the angle
between the vectors ? and ?. This means,

i = cos?| VxwPx+VywPy+Vz+Pz)
If 1 < 90°, the external surface is not 1it by the direct
radiation.

Diffuse radiation from the sky.
q; = DIF, * cos (£/2) * Mnu(B?aW) / ¥nu(0®)  (W/m

2)

where, DIFh is the diffuse sky radiation received by a horizontal
surface in W/mz.

Mnu(B°, aW), Mnu(0°) are the numbers of anisotropy (section
1.3.2a) for ° tilt and a_ wall azimuth angle and 0° tilt,
respectively.

Diffuse radiation from the ground.

Assuming a uniform intensity of the diffusely reflected
radiation from the ground,

. 2,0 .
+
gr* RADh » sin~(Bg/2) pgr* DIFh * sin

where RADh is the direct solar radiation falling on a horizontal

Qg™ P40 “(72)  (w/m°)

surface (in W/me).




RAD, = RAD # sin (a)

The reflected part of the direct radiation falling on the ground
is macroscoplically considered to consist of two fractions; a
diffusely reflected fraction, f, and a specularly reflected fraction,
1-f.

pgr is the ground reflectance for solar radiation.

Direct radiation specularly reflected from the ground.

=]~ X 3 1 2
dgrp (1-F) = pgr* RAD, * cos (1gr) (Wm?) .
where igr is the angle between the normal surface vector P and the

vector o of the direct radiation specularly reflected from the ground.
The calculation of the compenents c.o cy, c, of the vector ¢ is
given in Appendix C.

igr= cos_l[cX % Px + ey, # Py + c % Pz]
If igr<90°, the external surface is not 1it by the direct radiation
specularly reflected from the ground.

The Euler relations are used for calculation of the components
V'x, V'y, V'z of the direct radiation vector V in a new system of
co~ordinates O 8' E' 7', Similarly these relations are used for
the cowmpoments c'x, c'y, c‘Z of the vector ¢ of the direct radiation
specularly reflected from the ground. This new system comes from the
0.SEZ system of Fig. 2.1 after an angle § rotation around the vector
§ = 6x %1+ Gy ¥ 3 + GZ * K, where %, 3 and ¥ are the unit vectors of
axes 0S5, OE and 0Z respectively:
V'x = (cos(d)+ Gi * (l—cos@ﬂ) * Vx + CSZ % sin(d) -+ 6X ¥ Gy #* (l—cos@ﬂ)*vy

+ C}Gy % sin(@®)+ SX*SZ*(l—cos@»>%Vz
V'y = (=8, # sin(®)+ 8 * 8 ® (1-cos®)) x Vx + (cos(®+ 632, % (1-cos®)))xVy
+ (6 % sin(®)+ cS * 5w (1-cos{8))) % Vz

Viz

(Gy * sin®)+ Gx * 6Z % (1-cos(d )) % Vx + GGX *¥sin(®)+ 6y%6z %

(1-cos®)) = Vy + (cos®+ 65 % (L-cos®)) # Vz

2.1.2 Longwave radiation

An external surface receives longwave radiation from the
atmosphere and the ground or nearby buildings.

Assuming a uniform intensity, the longwave atmospheric radiation
received by the external surface is:

Ay = cos® (8°/2) % e .x.sae(Tamb)b' (W/me)

at
-8 W/mg*K#

Tamh’ is the atmospheric ground level dry bulb temperature in

where 6= 5,6698 x 10

kelvins.

Cat? is the emittance of atmosphere. According to
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Reference (29), the emittance eut is related to the ground level
dew point temperature. Table 2.1 from Reference (29) gives this
relation.
Table 2.4
Sky emittance vs dew point temperature (%)

Dew point temper. Sky emittance Dew point temper. Sky emittance

-28.9 0.68 1.1 0.79
~-23.3 0.7 b.L 0.82
-17.8 0.73 10.0 0.84
~12.2 0.76 15.6 0.86
- 6.7 0.77 21.1 0.88

The longwave radiation from the ground, if buildings or similar
surfaces are neglected, under the assumptions of uniform intensity
radiation and uniform ground temperature, Tgr’ is:

. 2 /.0 L 2
= A [
Q. = sin (g72) eur ¥ (Tgr) (w/m™)
where egristhe emittance of ground.

T (in ®Kelvins)
er

The previous analysis has been incorporated into two main
computer programs  WALL and WAL2. The alr-mass Mr of the incident
radiation is also calculated in program  WAL2, in accordance with the
analysis presented in Appendix F. A major feature of these programs
is that they allow the calculation of the total radiation falling on
the complete external surface of a multi-surface system. The
analysis 1s general and applicable to solar systems with different
shapes and unobscured external surfaces under various conditions of

solar radiation and climatic variations.




2.2 THE DISTRIBUTION OF SOLAR RADIATION ENTERING AN ENCLOSURE

The present method distributes the solar radiation which
enters an enclosure into radiation absorbed by each opaque internal
surface, radiation absorbed by each layer of the semi-transparent
parts of the enclosure and radiation reflected out through the
transparent or sémi-transparent parts of the enclosure.

The method can be applied to every enclosure where internal
surfaces are planar polygons. The enclosure should be of convex
character in the case of direct solar radiation and specular reflection
from one or more of its internal surfaces, otherwise it should be
separated into smaller convex enclosures to each of which the method
will be applied successively.

Three typical convex enclosures are shown in Fig. 2.2,

Fig. 2.3 and Fig. 2.4. 1In Fig. 2.3 and 2.5 the two convex sub-
enclosures of two typical non-convex enclosures are also shown.

Fig. 2.2 gives the elevation section of the solar pagsive test
box used to assess the thermal performance of a transwall module. This
enclosure is made of eight internal rectangles. The two side internal
surfaces 2 and 3 are not shown. The surface 6 is the internal surface
of the transwall module. The solar radiation enters (or leaves) the

enclosure through the transwall (surface 6).

o

4 -1

8 li

T T 7 7777 7 7 77 T
Fi% 2.2

Fig. 2.3 shows two inclined rectangular glags plates representing
part of the roof of a conventional glasshouse, shown in the same figure.

The internal surfaces 4 and 5 of the particular enclosure are
actually the external surfaces of the glass plates 8 and 7 of the glass-
house. The internal surfaces l{rectangle), 2 and 3 (triangles) are
actually imaginary. The solar radiation enters (or leaves) the
enclosure through every internal surface. The enclosure of Fig. 2.3

can represent another case,that of a flat plate solar collector with

its flat reflector (for augmentation of the received solar insolation).
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Fig. 2.4 showsthe general case of a receiver and an overhang.
Surface 6 is the receiver (for example the external surface of a glass
plate) and surface 5 is the lower surface of the overhang. The
gsurfaces 1, 2 and 3 are the remaining surfaces of the wall surrounding
the receiver. The surfaces 4, 7 and 8 are also imaginary. The solar
radiation enters (or leaves) this particular enclosure through the
surfaces 4, 7 and 8. A more careful examination of the enclosures of
Fig. 2.3 and Fig. 2.4 shows that both enclosures are basically similar

to each other.
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Fig. 2.5a and 2.5b show the plan and elevation view of an
existing building and a proposed solar extension. The indices m and
n distinguish the two different sub-enclosures.

In the case of enclosures similar to that of Fig. 2.2 Cockroft
{30) and Eriksson (44) assume that all the solar radiation entering the
radiated enclosure is trapped inside the enclosure. Cockroft (30)
actually assumes that all of the direct component and half of the
diffuse component of solar radiation is absorbed by the floor (surface
1 in Fig. 2.2) and one sixth of the diffuse component by each of the
side walls adjacent to the window wall and by the wall opposite the
window wall. On the other hand,Eriksson (44) mentions (but does not
present any information or methodology) that the direct radiation is
digtributed to the internal surfaces of the test box under investigation
according to the angle of incidence and the illuminated area. Asg far as
the diffuse radiation is concerned, he assumes a uniform distribution
to all internal surfaces. Similar assumptions of a somewhat arbitrary
character are also made by Johnson (45). Lebens (39) presents a
simplified approach to the distribution of direct solar radiation to
the internal surfaces of a solar heated room. However his approach is
restricted to collection apertures facing due south at either equinox.

The problem of modelling the three-dimensional movement of the
sun around and inside a building, which is of prime significance for
dynamically modelled direct gain and transwall passive solar systems,
ig overcome by the present method. In addition to this, the present
method calculates accurately the proportion of solar energy being
back reflected out through the window(s). It can also be extended to
calculate daylight factor, the effect of sunlight on the lighting of a
particular building and the associated possible sky and sun glare.

Calculation procedures for enclosures similar to those of
Fig. 2.3 can be found in (15), of Fig. 2.4 in (14), (15), (40), (41),
(43) and of Fig. 2.5 in (14).
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The method

The basic assumption of the method is that the reflected
radiation from each internal surface of the enclosure consists
macroscopically of two fractions; one specularly reflected and the
other diffusely reflected in an isotropic way. Thus, for each
internal surface two optical properties should be assigned: The
first one is simply the specular fraction of the total reflected
radiation. The second one is the reflectance of the surface, which
is referred to the total reflection, specular and diffuse. If the
gsurface is opaque, 1ts absorptance is calculated easily. In the case
of a surface belonging to a semi-~transparent, or transparent, optical
system an effective or overall absorptance can be used, which
incorporates the absorptance of the individual layer(s) and total
transmittance of the system. There is no difficulty in taking into
account the effects of polarization, spectrum and direction of
radiation into the values of reflectance and absorptance, or effective
absorptance of any surface. The reflectance of an imaginary surface
is always zero.

The radiation entering the enclosure can be split into direct
and diffuse, and each type is handled separately. However, in both
cases we need to know the polygon of entrance.

In the case of direct radiation, the polygon of entrance is

separated into triangles. Each triangle, successively, is projected
on every plane of the individual internal surfaces along the vector of
radiation, V. This means that the components of the vector of the
entering radiation should also be known. The projection point
W(Wx’wy’wz) of the point S(Sx’sy’sz) along the vector VXVX,Vy,VZ) on a
plane passing through a point A(ax,ay,az) and being perpendicular to
the vector ﬁ(Px,Py,Pz)is given by subroutine PROJ and is described in
Appendix H. The individual internal surface is lit by the entering
radiation only if the polygon of the surface and the projected triangle
on the plane of the surface have an intersection polygon. The
calculation of the intersection polygon (if any) of two coplanar
convex polygons is described in Appendix I. In such a case, the
intersection polygon area AR is calculated using the subroutine AREA.
This allows for the calculation of the radiation RABS absorbed by the
internal surfaces according to the relation:

RABS = —-AVSO % COS (ANIN) + AR * (1.0 — REFL) (2.7)

(RABS in watts)

and the radiation reflected diffusely RRD, and specularly RRS,

according to the following relations:
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RRD = —AVSO * COS (ANIN) # AR * REFL * (1.0-APER) (2.8)
{RRD, in watts)

RRS = AVSO * REFL * APER (2.9)
(RRS in w/mz)

where AVS0 (W/mz), is the intensity of the entering radiation.

ANIN, is the angle between the vectors V.of the direct solar
radiation and P of the plane of the internal surface.

ANIN = cos ™[ VeF] (2.10)

The conventionally defined angle of incidence ANO, is given by
the relation:

ANO = 180°~ ANIN (2.11)
The negative sign of relations (2.7) and (2.8) is explained by the
fact that ANIN is always greater than 900, otherwise the internal
surface could not be 1lit by the entering radiation.

REFL, is the reflectance of the internal surface (at the angle
of incidence ANO).

APER, is the specular fraction of the veflectedradiation.

The compornents of vector ﬁ'(Rx,Ry,Rz) of the specularly
reflected radiation are calculated according to the analysis of
Appendix C. The associated in{ensiiy of this vector R is RRS
{in W/mz).

The above described procedure for the direct radiation entering
the enclosure is now applied to each intersection polygon produced by
the projection of the entrance polygon, with its associated vector
ERRmRy,Rz) (instead of the vector v'(VX,Vy,VZ) of the entrance polygon).
This is carried on until the power AVAU carried by the direct radiation
is less than a specified value, AVAUo.

AVAU = —-RRS * COS (ANIN) * AR (2.12)
For example, the value AVAUo = 4 watts has been chosen in the numerical
example of the test box given later in the next section.

The distribution of the diffuse radiation entering the

enclosure through the entrance polygon or the diffusely reflected part
of the direct radiation among the various internal surfaces (polygons)
of the enclosure 1is based on the analysis presented in Appendix G.

The subroutine ZEYS, SURNI, mentioned in Appendix G,calculates not only
the view factor FMWi from the entrance polygon (or the intersection
polygon) towards an internal surface i, but it also calculates the
average angle of incidence ANGi of the radiation falling on this
internal surface i. This permits the calculation of the reflectance
REFLi of the internal surface i. Thus, if RRD is the diffuse radiation
entering the enclosure, or the diffusely reflected part of the direct

radiation, then the radiation RABi, absorbed and the radiation REFi




reflected by the surface i, are given by the relations 2.43 and 2.14

respectively

RAB1i = RRD » FMWi % (1.0-REFL1i) (2.13)
(RABi, in watts)-

REFi = RRD x FMWi # REFLi' (2.14)

(REFi , in watts)

Having accomplished this for each intersection polygon on the condition
that RRD is greater than a specified value AVAUo (mentioned above),

there is still a remaining diffuse radiation REFi, leaving each

internal surface i for distributionaworgthe otherAinternal surfaces.
However, the remainder of the total radiation has also to be distributed.
This arises from the radiation that was excluded from the distribution
process of direct and diffuse radiation, mentioned above, because of the
constraints:

AVAU > AVAUo and RRD » AVAUo (2.19)

The remainder contributes in an arbitrary way to the increase of the
individual values of diffuse radiation REFi {that leaves the surface i).
The distribution of diffuse radiation REFi among the other internal surfaces
of the enclosure is achieved using the appropriate net radiation method
of radiative heat transfer, described in G4Qf: The calculation again

of the appropriate view factors and average angle of incidence (for the
calculation of the corresponding reflectance) is accomplished by the
subroutine ZEYS.SURNI of Appendix G,

A reference éhould be made here to the difficulty of multi-layer
semi-transparent optical systems in respect to their character as
diffusely or specularly reflecting surfaces when subjected to diffuse
radiation. Apart from the reflected radiation coming from the first
interface of the multi-layer system (relative to the enclosure) the
remaining reflected radiation comes actually from one or more inter-
faces after one or more internal reflections inside the multi-layer
system. This creates so much difficulty in adopting these systems as
pure specularly reflecting surfaces that, for reasons of simplicity,
the present analysis assumes that these optical systems behave as
diffusely reflecting surfaces when subject to diffuse radiation.

It is also assumed in this method, that the flux of direct
radiation entering an enclosure, after passing through a semi-transparent
multi-layer optical system, is uniform all over the area of the entrance
or intersection polygon. Additionally, the calculation of the entrance
or intersection polygon is based only on the first interface of the

semi~-transparent multi-layer system relative to the enclosure (that is

+ Fot simpici{y reasons, every surface of the wenclosure is assumed to behave
as {o’fail\j diffuse sutrtace when subjected to diffuse radiation.
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one of the internal surfaces of the enclosure). Without this
assumption, refraction and reflection effects on the other interfaces
of the system become too cumbersome for their limited effect on
accuracy. It should also be added that when a direct or diffuse
component of solar radiation inside the enclosure falls on an
internal surface which belongs to a semi-transparent system, the
equations 2.7 and 2.13 are not used. Ingtead, the non-reflected
energy is separated into that transmitted through the whole system
and that absorbed by each individual layer.




2.3 THE DISTRIBUTION OF SOLAR RADIATION AMONG
THE PASSIVE ELEMENT AND THE INTERNAL SURFACES
OF THE TEST BOX.

The whole or part of one of the sides of the parallelepiped
enclosure of the test box is the internal surface of a passive
solar system element. In the present application, the vector
normal to this element is always on the horizontal plane facing
south at an angle of 4east from the north-south axis. A
comparison is made between the solar radiation distribution of
two passive solar systems; a Umm clear float glass direct system
and a transwall system with one module and one glass plate in
front of it, described in section 1.L. Two varlations are
considered for each system; the system element covers the whole south
facing side (case 1) and it covers 82% of this side (case 2). Fig.2.6
shows these systems. For the transwall system of case 2 the
importance of the following factors concerning the distribution
of solar radiation among the element and the internal surfaces have

also been examined:

1. the composition of solar radiation into direct and diffuse
2. the spectrum of radiation

3. the reflectance of the internal opaque surfaces

b, the depth of the parallelepiped enclosure.

The two other dimensions of the enclosures remain constant:
width = 1.090m
height = 0.725m

case 1 , case 2
direct system.
5 Ig 5
2l o4 | ¢
-6 .

_g 4
South depth
-— A M3 I:l

transwall system.

\5 -7 \5
- & 4 | s 4 ]
pE! -8 A
Fig. 2.6

Eievation view of the direct and transwall systewns.
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The analysis is referred to sea level site, 560N latitude,
standard temperature and pressure. It has been assumed that
1) both direct and diffuse radiation falls on an unobscured
infinite ground which reflects them diffusely back with a
reflectance of 0.82.
2) the diffuse radiation from the sky and the ground (or rather
from the imaginary sky dome according to the analysis of section
1.3.3) are isotropic.
3) both direct and diffuse radiation inside and outside the
enclosure have the same air-mass spectrum. Although the analysis
of chapter 1 could allow for the calculation of the spectrum of
the transmitted radiation into the enclosure, there were two
reasons not to abandon this assumption of identical spectra;
the dearth of knowledge of the spectral reflectivity of the
opaque surfaces of the enclosure; and computaticnal simplification.
L) the specular fraction of the reflected radiation of each surface
is that given by Table 2.2.

Radiation measurements were not taken inside the test box.
But the reasonable match of measured and predicted temperatures
given by the analytical model of the test box (section 27) implies
some verification of the method of distribution of solar radiation.

Table 2.2

Reflectance (REFL) and specularly reflected fraction (APER) of solar

radiation of the internal surfaces of the parallelepiped enclosure.

Table 2.2a Table 2.2b

?urfacelangle of incidence'— 0%+ 80° 90° 0° +80° 90°
1 (floor) REFL 0.250 1.000 0.800 1.000
APER 0.800 0.800 0.800 0.800

2 (west side) REFL 0.720 1.000 0.960 1.000
APER 0.500 0.500 0.500 0.500

3 (east side) REFL 0.720 1.000 0.960 1.000
APER 0.500 0.500 0.500 0.500

4 (north side) REPL 0,720 1.000 0.960 1.000
APER 0.500 0.500 0.500 0.500

5 (ceiling) REFL 0.720 1.000 0.960 1.000
APER 0.500 0.500 0.500 0.500

7 (high south side) REFL 0.720 1.000 0.960 1.000
APER 0.800 0.800 0.800 0.800

8 (low south side) REFL 0.100 1,000 0.800 1.000
APER 0.500 0.500 0.500 0.500

+ conventionally defined.
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Comparison between the distribution of solar

radiation of the direct and the transwall systems.

The comparison is referred to the first of January.
Estimated values of direct(intensity) and diffuse ona horizontal surface
solar radiation are given in Table 2.3. From these values the
composition of the direct and diffuse radiation received by the
external surface of the passive system element is calculated (see
Table 2.4). The radiation spectrum assumed is that of air-mass 2,
chosen to provide a comparison with an analysis detailed subsequently
in this section. This assumption will introduce a small error,
according to the predicted values of air-mass, given in Table 2.h,
fifth column.

The reflectance of each of the five (or seven) internal opaque
surfaces of the parallelepiped enclosure as function of the angle
of incidence is given in Table 2,2a. The reflectance of the
remaining glass surface 6 is given in the first row of Table 2.5
and 2.6 for the Lmm glass plate and the transwall system element,
respectively. The other optical properties of these two passive
solar system elements are also given in these tables. The
1-dimensional ray-tracing technique of section 1.1 has been used
for their calculation.

Conclusion.

The difference between the direct and the transwall systems is
ghown in Fig. 2.7 and 2.8.

The total reflected radiation out of the direct system is T to
11% of the total incident radiation larger than the equivalent from
the transwall system. This coupled with the fact that the radiation
absorbed by the outside glass plate of the transwall system ig less
than that absorbed by the single glass plate of the direct system,
gives a strong indication on the better effectiveness of transwall
systems in collecting solar energy compared with direct solar systens.

The "first strike" wvalues (small capital letters in figures) have
been calculated without taking into account internal reflections
inside the enclosure. This is equivalent to the assumption that
all the solar radiation entering the enclosure is totally absorbed
by the opaque surfaces. It is apparent from Fig., 2.7 and
2.8 that this common assumption may in fact lead to substantial
errors, especlally in the case of direct systems. For example
the difference between final values and first strike values of

reflected radiation could be as large as 20% of the total incident
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radiation.

The radiation absorbed by the various internal surfaces of
the enclosure with the direct solar system is much larger than that
absorbed by the corresponding surfaces of the transwall solar system,
This difference can be about 9 to 15% of the incident radiation in
the case of the floor surface (internal surface 1), about 2 to 10%
of the incident radiation in the case of side walls and the wall
opposite to the south facing side of the enclosure {internal
surfaces, 2, 3 and 4 respectively). This fact reveals the tendency
of direct solar systems to overheat under certain conditions. The
diurnal variations of the absorbed radiation by the various internal
surfaces are again larger in the case of the enclosure with the
direct solar system. This variation can be as much as 10% in the
case of floor and 15% of the total incident radiation in the case
of side walls for the direct system enclosures. These variations
are about half of the above~mentioned in the case of the transwall

system enclosure.

The effect of composition of solar radiation

into direct and diffuse.

This effect is shown in Fig. 2.9 . This fiqure is related to Tables
2.7 and 2.8 which give the composition of the direct and diffuse
radiation received by the external surface of the transwall system
element on the second and third of April, 1982. These tables have
been constructed from measured data given in graphic form in
Fig. 2.10.

Conclusion

The difference between the final values and the first strike
values is evident, especially in the case of reflécted radiation
back out of the system and the absorbed radiation by the liquid
and back glass plate of the transwall module.

The increase in the diffuse component of solar radiation leads
to a more balanced distribution of the radiation inside the enclosure.
This means a difference in absorbed radiation by the floor of the
order of about 5% of the total-incident radiation between the
enclosure of second and third of April, for the same angle of
incidence. More unequal distribution can be seen in the case of the
enclosure onthefirst of January (P&g. 2.8 ) where the direct solar
radiation component is the main one (85% of total incident radiation).
In such a case the direction of direct solar radiation vector is
quite important in determining the distribution of the solar

radiation inside the enclosure.
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The effect of radiation spectrum.

The example is referred to the first of January. The effect
is shown in Fig. 2.11. The assumption of air-mass 7 spectrum is
closer to the predicted values than the initial assumption of air-
mass 2 (from Table 2.4). The optical properties of the transwall
system element for air-mass T are given in Table 2.9, constructed
according to the l-dimensional ray-tracing technique of section 1.1.

Conclusion.

The change from air-mass 2 to air-mass 7 spectrum produces a
decrease in the totally reflected radiation and the absorbed radiation
by the back glass plate and the opagque surfaces of the enclosure,

This decrease may account for 1.5% of the total incident radiation.
An increase of a similar order is experienced for the absorbed
radiation by the two front glass plates and as much as 5% for the liquid.
The effect of the reflectance of the opague surfaces.
This effect is shown in Fig. 2.12, 2.13 and 2.1k which are

referred to the first of January and the second and third of April,
respectively.

Coneclusion.

The change of the reflectance of the internal surfaces results
in an increase in the totally reflected radiation amounting to about
6% of the total incident radiation in the present example. The
increase in the radistion absorbed by the various glass plates and
liguid layer varies up to 4% and 5.5% respectively. The decrease in
absorbed radiation in the case of the floor surface can be as much as
about 10% of the total incident radiation. Only the radiation
absorbed by surface 8 has increased because of the very high increase
of the radiation falling en itf.

The effect of change in the box depth.

This effect is shown in Tables 2.10, 2.11 and 2.12, which are

referred to the first of January, and the second and third of April,

respectively, for the test-box with internal surfaces of low
reflectance (Table 2.2a).

Conclusion.

There is no signficant difference (i.e. order of 1% of the total
ineident radiation) between corresponding values in every table,
apart from the absorbed radiation by surface 1 (floor) on the
first of January (Table 2.10). In this case the difference is
higher but does not exceed 5% of the total incident radiation. The
same order of difference (1%) between all the corresponding values has
also been found for the test-box with internal surfaces of high

reflectance (Table 2.2b).
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Table 2.3
Direct (intensily)and diffuse ona horizontal surface solar radiation.

lst of January.

Solar time 9 10 11 12 13 14 15
Direct

solar radiation

W/m2 135 265 360 500 416 312 175

Diffuse solar

radiation on

horizontal

surface W/m 12 30 40 46 42 32 10

Table 2.4

Test Box Example. Solar radiation (watts) received by the passive

t.
1st January system elemen

Solar Direct Radiation Diffuse Radiation Angle of Predicted
Time % of total % of total incidence Air-Mass of

degrees direct

radiation
9 89.2 10.8 36.6 19.6
10 85.7 14,3 24,5 8.0
11 85.0 15.0 14.0 5.7
12 85.8 14.2 11.7 5.2
13 85.3 14.7 20.5 5.7
14 85.6 14.4 32.4 8.0
15 91.3 8.7 44.8 19.6

Table 2.5

Optical properties of 4mm clear float glass

Direct radiation - AM2 spectrum

Angle of 0° 20° 40° 60° 80° 90°

incidence

reflectance 0.071 0.071 0.079 0.138 0.495 1.000
transmittance 0.802 0.799 0.784 0.715 0.368 0.000
abscrptance 0.127 0.130 0.137 0.147 0.137 0.000

Isotropic sky diffuse radiation on vertical surface - AM2 spectrum
reflectance transmittance absorptance

0.160 0.702 0.138

Note: AM2 = Air Mass



Table 2.6
Optical properties of transwall system element.

Direct radiation - AM2

Angle of — 0° 20° 40° 60° 80° 90°
incidence

Backward direction

reflectance 0.084 0.083 0.088 0.140 0.473 1.000
transmittance 0.377 0.374 0.359 0.309 0.108 0.000
absorptance of 0.030 0.030 0.031 0.030 0.018 0.000
outside glass

absorptance of 0.058 0.058 0.061 0.064 0.064 0.000
front glass

absorptance of 0.004 0.004 0.004 0.004 0.004 0.000
1st liquid layer

absorptance of 0.082 0.081 0.080 0.074 0.056 0.000
2nd liquid layer

absorptance of 0.188 0.187 0.186 0.177 0.119 0.000
3rd liquid layer

absorptance of 0.177 0.183 0.191 0.202 0.158 0.000
back glass

Forward direction

reflectance 0.112 0.112 0.119 0.183 0.565 1.000
transmittance 0.377 0.374 0.359 0.309 0.108 0.000
absorptance of 0.134 0.137 0.145 0.158 0.159 0.000
outside glass

absorptance of 0.123 0.125 0.130 0.125 0.063 0.000
front glass

absorptance of 0.143 0.142 0.139 0.123 0.053 0.000
1st liquid layer .
absorptance of 0.062 0.062 0.058 0.051 0.024 0.000
2nd liquid layer

absorptance of 0.003 0.003 0.003 0.003 0.001 0.0C0
3rd liquid layer

absorptance of 0.046 0.045 0.047 0.046 0.027 0.000
back glass

Isotropic sky diffuse radiationonavertical surface -~ AM2 spectrum
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Backward 0.164 0.307 0.028 0.062 0.004 0.074 0.173 0.188
direction

Forward 0.207 0.307 0.149 0.118 0.122 0.051 0.002 0.044
direction

Note: AM2 = Air-Mass 2

1st liquid layer 1.2 cm

2nd liquid layer = 12.6cm

3rd liquid layer 1.2 cm
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Table 2.7

Test box example. Solar radiation (watts) received by the passive
2nd April system element.
Air-mass 2 spectrum of radiation

Solar Pirect Radiation Diffuse Radiation Angle of Predicted

Time % of total % of total incidence Air-Mass of
degrees direct

radiation

10 54,2 45.8 45.4 1.8

11 55.8 44 .2 40.0

12 51.0 49,2 39.2

13 57.8 42,2 43,2 1.6

14 55.8 44.2 51.0 1.8

i5 44,6 55.4 61.1 2.1

16 0.0 100.0 72.4 2.8

Table 2.8

Test box example. Solar radiation (watts) received by the passive
3rd April system element.
Air-Mass 2 spectrum

Solar Direct Radiation Diffuse Radiation Angle of Predicted
Time % of total % of total incidence Air-Mass of

degrees direct

radiation
9 0.0 100.0 54.5 2.1
10 34.6 65.4 45,9 1.8
11 8.7 91.3 40.4 1.6
12 20.9 79.1 39.6 1.6
13 18.7 81.3 43.6 1.6
14 6.7 93.3 51.3 1.8
15 .0 100.0 61.3 2.1

16 0.0 100.0 72.7 2.8
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Table 2.9
Optical properties of transwall system element.

Direct radiation - AM7

Angle of incidence —»  0° 20° 40° 60° 80° 90°

Backward direction

reflectance 0.075 0.075 0.080 0.129 0.452 1.000
transmittance 0.312 0.308 0.294 0.2562 0.086 0.000
absorptance of 0.029 0.029 0.030 0.028 0.017 0.000
outside glass

absorptance of 0.056 0.057 0.059 0.062 0.060 0.000
front glass

absorptance of 0.004 0.004 0.004 0.004 0.004 0.000
1st liquid layer

absorptance of 0.093 0.092 0.089 0.084 0.062 0.000
2nd liquid layer

absorptance of 0.234 0.234 0.232 0.220 0.147 0.000
3rd liquid layer

absorptance of 0.197 0.201 0.212 0.221 0.172 0.000
back glass

Forward direction

reflectance 0.108 0.107 0.114 0.176 0.553 1.000
transmittance 0.312 0.308 0.294 0.252 0.085 0.000
absorptance of 0.147 0.152 0.160 0.174 0.174 0.000
outside glass

absorptance of 0.137 0.139 0.144 0.139 0.068 0.000
front glass

abgorptance of 0.180 0.178 0.174 0.154 0.065 0.000
1st liquid layer

absorptance of 0.069 0.068 0.066 0.058 0.026 0.000
2nd liquid layer

absorptance of 0.003 0.003 0.003 0.003 0.002 0.000
3rd liquid layer

absorptance of 0.044 0.045 0.045 0.044 0.026 0.000
back glass

Isotropic sky diffuse radiationena vertical surface — AM7 spectrum

£ & o
Gy 4
s Sy % WE wE wI %
8 0§ 8% %3 g7 g g~ g
505 §9 g8 g9 g9 g7 §é
~ o - ] ©
+ o £ o £ ap 3 R H 3 D4
3] =4 0, ‘O o o, O Q ¢ Q O Q, of
4 & 3w o8& yH gd wSE
5 P E% 2% 2a im 2w &%
o P < O o G G ? & S8 3 g
Backward 0.153 0.251 0.027 0.060 0.004 0.084 0.215 0.206
direction
Forward 0.201 0.251 0.165 0.130 0.151 0.057 0.003 0.042
direction

Note: AM7 = Air-Mass 7

ist liquid layer = 1l.2cm
2nd liquid layer = 12.6 cm
3rd liquid layer = 1.2 cm
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2.h ANATYTICAL MODELLING OF A PASSIVE SOLAR SYSTEM

The present mathematical analysis has been developed to model

the thermasl performance of a passive solar system and, in general,
of a building.

Tts basic characteristic is the separation of the whole
passive system into a finite number, M, of control volumes, each
one represented by a node, generally at the geometrical middle of the
control volume, The temperature of each node is to be calculated.
The temperatures and the heat and mass fluxes at the interfaces
of the control volumes are to be calculated as well. The control
volumes are divided into groups in such a way that the nodes of each
group lie on & particular line. These lines start and finish at
ambient temperature apart from one line that may finish at ground
temperature (see an example in Fig. 2.15)

The number of the lines that pass through a node is determined
by the number of the faces of its control volume normal to which
heat fluxes are considered to exist. If K is the number of these
faces then the number of lines &'is:

= K/2 if K is even integer (2.16)
2= (K+1)/2 if K is odd integer (2.17)

For example in the case of a wall for which l-dimensional heat

transfer normal to it is considered there is only one line normal to

the wall passing through all the nodes. Even in some 2-dimensional
or 3-dimensional heat transfer cases the number of the lines can be

kept small if we express the heat transfer as l-dimensional but
account for the edge effects. This is a common practice in heat

transfer analysis in buildings.

{2t line
| Jamb 1 ,Tamb nodes: 4,234 L
z 2nd Line
13 nodes: 15,26, L
Ard Line
viodes: L,9,%8
8 T%V‘

Fig., 2.15
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The objective of the construction of these lines of nodes is
not only to treat easily complicated shapes of passive systems in
3-dimensions but also to make use of the line-by-line iterative
solution of the discretized energy equations. This is achieved by
considering only the discretized energy equations of the control
volumes the nodes of which belong to one line. We assume that the
values of temperature for the nodes of this particular line are
unknowns . A1l the heat fluxes along the other lines and the mass
fluxes are considered known. We simply use the best estimates.
Then it is easy to see that we can solve only for the unknown
temperatures of the particular line. The best way is to use the
tri-diagonal algorithm (see Appendix 6). In this manner we traverse
along all lines, then using the resulting solution as our best
estimate repeat the process until convergence.

Problems in usging this line-by-line procedure that might arise
because of discontinuity between convection and conduction regions
are overcome easily by the introduction of a new formulation of the
heat fluxes at the interface of the conduction and convection regions
(section 3.1.4).

After the construction of the lines of the nodes, the three main
steps which should be followed are:

T. The integration of the energy equation,
L. The construction of the complete difference equation.

T.. The solution of the system of difference equations.

I. The first step concerns the integration of the energy equation,

appropriate to the particular control volume, over the control volume
and the time interval At. From known values of temperature T° at time
t, the values T at the next instant t+At will be calculated. The
superscript o is used to denote the values at time t, while its
absence implies values at t+At. The general form of the energy
equation is
Yprc 1)
¥t

unsteady term +convection term=diffusion term+source term

+div(6*cp%T) = div(ixgradT) + S (in W/m3) (2.18)

where, T is the temperature of the node of the control volume.
o i the density of the material of the control volume .

c. 5 ¢_ are the constant volume and constant pressure specific heat of
the material of the control volume.

ais the mass flux vector.

= p % irr (2-19)
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{/? = u %1 + v*g + w*g,is the velocity vector. -i), 3, K, are the unit vectors
along the three axes of a cartesian co-ordinate system. For pure
conduction, the convection term is not included in equation (2.18).

A is the thermal conductivity of the material of the control

volume.

S is the source term, for example absorbed solar power per

unit volume by the control volume, power per unit volume
produced inside the control volume by an auxiliary heater,
and so on.

The equation (2,18) does not include terms arising from mass-—
concentration gradients, for example due to the condensation on or
evaporation from the (internal) surfaces of a control volume filled
with moist air.

The assumptions and the methodology on which the integration of
the various terms of the energy equation is based are discussed in
section 3.1.3. TFig. 2.16 shows a typical control volume P. The
subscript p is used to denote the values of the variables at node P.
Similarly, the subscript x+ denotes these values at a part of the

external surface of the control volume,i.e this part is area Ax,mnormal to

the x direction.

N T

X direction

TFig., 2.16

The finite representation of the terms of the energy equation for

the control volume P are:
1. The unsteady term:

(o] o] (8]
%c *T - *e *T * AV/At (2.20)
(o #ey o ¥Tp = ooy oo o W) % AV/

where AV is the volume of the conbtrol volume
At is the time interval.
2. The source term:

Throughout this thesis, the absorbed radiation &', as a

fraction of the total incident radiation Itot (in watts), is given
for all the control volumes of various multi-layer systems. Thus, the

finite representation Sp of the source term S is:

e [0}
sp ”Gp %(I_bot + T tot)/z (2.21)



For other source terms their finite difference representation
SP is calculated in a straightforward manner when the actual
expression of the source term S is known.
3. The convection term at the part of surface x+

Gp_, = (Gx)X+ * G * T, * Ax (2.22)

s X+
"the convection flux"
where (Gx)x+ is the mass flux component wormal to
the part of surface x+.

(6x) , = &1 (2.23)
where 3 is the unit vector along the x direction.
4. The diffusion term at the part of surface x+:
+ %-(TX+ - Tp) * Ax/ALX+

Qp,, = A (2.2k)

X

"the diffusion flux"
where ALX+ is the distance along the x direction between the node P

and surface x+

The final finite representation of the convection and diffusion
flux depends on the expression of the temperature Tx+ at the surface
x+. This expression is discussed later in this section.

The present analytical modelling of a passive solar system
does not employ a sophisticated approach to calculate the mass flux
components (er)x+ and the internal and external convective heat
transfer by, for example, incorporating the Navier—Stokes equations.
This would increase enormously the computing time. Instead semi-
empirical relations are used to calculate the mass~flux component
(Gx)X+ and the heat transfer coefficients hx+ at lnternal, external
surfaces, air cavities, transwall modules, etc.

The mass—flux component at the surface x+ of the control volume,
(Gx)x+, is mechanically or naturally induced. Extensive
coverage 1s given for both infiltration and ventilation cases in
ASHRAE~Handbook~-1977-Fundamentals, chapter 21 (18) and in Cockroft's
thesis (30). The calculation of the thermocirculation in a
Trombe-wall passive solar system is given by Duffie et al. (15), from
fitting experimental data.

By introducing the heat transfer coefficient hx+ concept the
diffusion flux takes the form:

Qp,, = h ., * Ax * (Tx+— Tp) (2.25)

The calculation of the heat transfer coefficient h .

1. Pure conduction:

h,, = AX+/ALX+ (2.26)
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2. Internal surfaces:
The following relations are based on results by Min at al.(46):
2a. Heat flow at a vertical surface,
- _ 0.32%% - 0.05
b, = 1.87 = (Tx+ Tp)

where % is the height in m of the surface

(2.27) (in W/m2xK)

2b. Downward heat flow at a ceiling or floor,
_ . _ 0.25%L— 0.24
h_, = 0.203 = (Tx+ Tp)
where £ is the hydraulic diameter in m
% = Lxa/P* (2.29)

(2.28) (in W/m“%K)

where A is the area of the surface, in m2
P*is the surface perimeter in m
2c. Upward heat flow at a floor or ceiling
_ _ 0.31%% - 0.008
h , = 2.b2 % (1, - Tp)
where & is again the hydraulic diameter in m.

(2.30) (in W/mQ%K)

This simplified approach in calculating the heat transfer at
internal surfaces does not take into account the vertical temperature
gtratification that usually exists inside heated rooms. A non-—
stratification assumption not only changes the relative magnitude
of the heat fluxes, but it also changes mass fluxes, e.g. due to
thermocirculation in a Trombe-wall system. A specific temperature
difference AT ,because of stratification, can be determined for each
space, filled with air, at the beginning of the computing program
in the input data. Then the gquantity AT/2 is added to the
temperature of the node of the air filled space and this new temperature,
instead of the node temperature, is used in the calculation of the
heat flux at the ceilling. Similarly, the same quantity AT/2 is
substracted from the temperature of the node of the air filled space
and this new temperature is used in the calculation of the heat flux
at the floor, or the air thermocirculation at a Trombe-wall system.
3. External surfaces:

The discussion presented in (12), (1k), (15), (30) shows that
the calculation of wind-induced heat transfer coefficients of external
gsurfaces is not well established. Effects of wind direction,
surface roughness, turbulence, transition from laminar to turbulent
flow have yet to be studied. However, this is also related to the
caleculation of the external air pressure distribution on the
building surfaces, an important factor for the air flow calculations-
prediction of the air-mass fluxes (Gx)x+ (30).

Finally, the following procedure for the heat transfer
coefficient at external surfaces is suggested:

. . 2
hX+ = maximum of (hl, h2) (2.31) (in W/m“*K)
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0.25 gﬁO'ES*g_O'QS

where h, = 1.42x(T_, -Tp)° "% sin( (2.32) (in W/m°*K)

1

if th < Gr < 109 (laminar flow)

. 0.
or  h) = 0-95*(TX+‘TP)O 3By sin(8)°3 (2.33) (in W/m“#K)
if 109 < Qr (turbulent flow)

where Tp is the ambient temperature in °c
B°is the angle of surface from the horizontal, in degrees (ztilt),
2 is the length of the surface in m.

The Grashof number Gr is:

3

Gr = (Bt % g % sin(8%)s2” x (TX+ - Tp))/v2 (2.34)

where Bt =2/(Tx+ + Tp) (2.35)

assuming the air as an ideal gas. The temperature in
relation (2.35) should be in kelvins,
0.6 -0.4

hy = 8.6 % V00 g (2.36) (in W/m“xK)

where V is the wind velocity in m/s

and ﬁb = (I-I‘J’)]'/3 (2.37) (in m)

HV is the house volume in m3
L, Alr-gap:
4a,, The heat temperature coefficient hx+ between the alr and each
of the two surfaces of an open air-gap is discussed in {(1L), (15)
and (L49).
by, The relations of the coefficient between the two parallel
surfaces of a closed air-gap are given in Appendix K.
5. At the interface between two water control volumes of a
transwall module:

The coefficient is calculated indirectly from the effective

conductivity Ae at the interface, the calculation of which is

£
presented in section 3.2 for various transwall modules and typical

irradiance conditions.

I, The second step concerns the construction of the complete

difference eguation of each control volume.

The expressions of the convection and diffusion fluxes (2.22)
and (2.25) are not the final finite difference representations used
for the construction of the complete difference equation of the
control volume P. Only the difference in the temperature of the
nodes of the control volume P and its adjacent volumes should appear
explicitly in the final representation. This is achieved by the
appropriate expression of the temperature of the external surface of

the control volume, for example the temperature Tx+ at the surface x+

»
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of Fig. 2.16. An unsuccessful expression of Tx+ may produce

instability problems because of physical unrealism.
When there is convection normal +to the external surface and no
production or storage of energy at it the final expression of the

convection and diffusion fluxes without the explicit appearance of
the value of Tx+ are obtained by employing the hybrid scheme (see

also section 3.1.3).

When there is no convection normal to the external surface
the final expression of the diffusion flux is obtained by
accounting for the energy balance at the surface (section 3.1.4).

According to this method the expression of the diffusion flux pr+

depends on the quantity qi (defined by the relation 3.22 of section
3.1.4). Because it has been assumed at the beginning of the
present section that no condensation or evaporation happens at the
(internal) surfaces of the control volumes filled with moist air,
the quantity qi representsthe absorbed radiation flux minus the emitted flux from
the particular interface (in W/mg). For external surfaces of a
passive solar system the irradiance part of the quantity qi is
calculated in section 2.1. For internal surfaces the solar part

of the quantity gi (0.3um <X< 4.1 pm) is calculated from the method
of section 2.2. The longwave part (X>4.1 pm) is calculated from
the net radiation method presented by Eckert et al.in (L2),

assuming that the whole enclosure is made of grey, diffusely
reflecting (internal) surfaces. The computing program ZEYS.NET
has been developed for this purpose. For each surface, its
emissivity, its temperature and its view factor from the surface to
another surface of the enclosure should be known. Apart from the
view factor of a pair of parallel or perpendicular surfaces that can
be calculated from less cumbersome relations, every view factor of
two polygons sited on two different planes can be approximately
calculated by the method presented in Appendix G.

When the finite—difference representation of all the terms of
the energy differential equation (2.18) has been worked out, the
general difference ﬁguation can be obtained in the following form:

Ap * Tp =n§1(Abn % Tbn) + B (2.39)

where, Ap, Abn and B are coefficients, Tp denotes the temperature of
the node of the control volume P and Tbn the temperature of the node
of its ﬁth adjacent control volume with unknown temperature. There
are Np control volumes adjacent to control volume P with unknown

temperature.
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The values of Tp and Tbn correspond to time t+At. The terms

Ap° % Tpo at time t and terms AbnxThn at time t+At with known

temperature Thn have been absorbed in B. The known temperatures

T%n are generally the ambient or ground temperature.

IL. The third step concerns the solution of the system of the

M difference equations of the M different control volumes of the
whole passive system.

Equation (2.39) gives the general form of these equations,
with coefficient Ap and Abn,n=l, ....,Np generally dependent on
the temperatures Tp and Tbn, n=1, ...., Np . This non-linearity
is handled by an iteration procedure in which the coefficients are
recalculated in every iteration cycle. This is actually the line-
by~line procedure, outlined in gection 3.1.5. All the grid
lines start and finish at ambient temperature apart from one line
that may finish at ground temperature (See Fig. 2.15). This is
gignificant because any information along the line, for example
information concerning the boundaries and such quantities as qi,
is transmitted at once to the whole domain and the convergence of
the procedure seems to be faster.

The calculation of the coefficients Ap and Abn generally
requires the solution of other auxiliary equations or systems of
equations. For example, these auxiliary equations may be referred
to the thermal properties of the material of the control volumes
or to the energy balance at the control volumes interfaces %+
(section 3.1.4). A typical auxiliary system of eguations is the
one calculating the mass—flux component at the surface of a control

volume, (Gx)x+.

The solution of the system of equations (2.39), accompanied
with the auxiliary set of equations, provides the values of the
temperature at every node and at every interface of the control
volumes and the values of the heat fluxes at every interface at the
time t+At. If mass flux exists the values of pressure Pp,water

vapour and dry air mass concentrations m s
Wﬂp a"P

at the interfaces of the control volumes

, mixture density

pp and mass fluxes (Gx)x+

are also provided for the time t+At. The solution procedure proceeds
by the ecyeclic repetition of the following steps:
(1) Provide initial estimates of the values of temperature .of

the nodes of the M control volumes and of the values of




(ii)

(iii)

(iv)

(vi)

(vii)
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temperature Ti of those interfaces with values of the

aq» bp; @nd ai (of relations(3.,29), (3.30),

quantities h
(3.22) of section 3.1.4) dependent on the temperature of

the interface Ti,

Calculate the values of all the guantities hy.» hBi’qi

and SP'

If there is no mass-flux normal to the interface of

any of the control volumes calculate the values of density
P and constant volume specific  heat capacity cvﬁ)at

the node of every control volume. Auxiliary equations may
be needed. If mass—flux normal to the interface of a
control volume exists follow the procedure outlined in
Appendix T from steps (1) to (9) and calculate the values

of pressure Pp, water vapour and dry air mass concentrations

mo_, m the mixture density p_, the mixture heat capacity
W,p a,p 1Y

Cyp? the mass flux (Gx)x+ and the heat capacity ¢ x

+
at the interface of this control volume .

Solve the M difference equations of the form of relation
(2.39) and calculate the values of temperature of the nodes
of the M control volumes.

Calculate the values of temperature Ti of those interfaces
with values of the quantities hAi’ hBi and gi dependent on
the temperature Ti. This is described in section 3.1.h.
Regard the new values of temperature of nodes and interfaces
as improved estimates and return to step (ii) unless the
degree of convergence is satisfactory. In such a case go
to (vii).

Calculate the heat fluxes QA and QB from relations (3.29),
(3.30) of section 3.1.4 and the remaining tempewatures of
the interfaces Ti (if this is required) from the relation
(3.29) of the same section. Calculate the absorbed energy
by each control volume from a relation such as the relation
(2.21), during the time interval At (if this is required).
Calculate the radiant exchange of an object inside a
control volume filled with air, with the internal surfaces
of the control volume. The radiant exchange should include
the solar energy effect as well (if any). (section 2.2).
This radiant exchange can be expressed in the form of a

specific index, as mean radiant temperature or globe




(viii)

10=

temperature (if this is required)

For all or some of the air filled control volumes,
compare the dry bulb temperature Tp, the water wvapour
mass concentration mw’13 and the radiant exchange or an
appropriate combination of these three quantities with
corresponding minima and maxima. The minima and
maxima are determined for a specific purpose, e.g.
comfort conditions (chapters 8,9 and 10 of the ASHRAE
Handbook of Fundamentals (28)). The present analysis
does not calculate the air-movement inside a control
volume, sometimes an important factor in chosing the
appropriate combination of the three gquantities and
their maxima and minima. An indirect way, through

the mass-fluxes at the interfaces (Gx) has to

>
be developed if the complicated and cozguter time-
consuming solution of, for example, the Navier-Stokes
equations had to be avoided. The procedure developed
by Wray (50) for assessing thermal comfort in passive
solar heated buildings should be mentioned here, being
better than those suggested by Cockroft (30), Ohanessian
(51) and Fuchs (1). In this procedure the thermal comfort
is determined as function not only of dry bulb and mean
radiant temperatures but also of activity level, clothing
insulation, relative humidity, ratioc of surface area of
clothed body to surface area of nude body and convective heat
transfer coefficient from clothing surface to air (and thus
of air-movement).

The abovementioned comparisons are important becsuse they
will determine the change or the inclusion/exclusion of
some terms in the finite difference equations (2.39) and
(T3) and (J5) of Appendix T, for the next time interval At.

For example, the switching on of a heater inside a control
volume will add another source term aspart from SP of
equation (2.21). The activation of a heating or cooling
mechanical ventilating system will produce new mass—flux
components (Gx)x+ at a certain surface x+. Different mass-
flux components will be produced naturally by opening a

window (ventilation rather than infiltration). In this

case the conduction terms, referred to the particular interface

x+, should be excluded. The switching on or off of a

humidifier or dehumidifier will change the right part of
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equation (J5) of Appendix J.

The last part of (vii)th step (caleulation of the radiant
exchange of an object inside a control volume filled with air) and
(viii)th step can be performed not at the end of every time interval
At, but at the end of a multi-At time interval, if the response to
certain values of temperature Tp, mass concentration of water vapour,
m D and radiation exchange is not automated.

All finite difference equations have been constructed in such
a way (fully-implicit formulation, hybrid schemes) that the stability
criterion is never violated. The stability criterion, for example
in the case of equation (2.39), required the coefficients Ap and Abn,
n=2xl..., Np to be always positive. However, divergence of the
solution procedure (i) to (vi) can result from the changes in the
coefficients in the difference equations from one iteration cycle to
the next. Therefore, it is sometimes necessary to employ some form
of under-relaxation in order to prevent any divergence, especially
when the time interval At is rather large. Using moderate time

steps is a simple way of achieving under-relaxation.
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2.5 THERMAL MODELLING OF PASSIVE SOLAR SYSTEMS USING A SMALL
TEST~BOX

Description of the passive golar systems test box

The test box is shown in photographs 1 and 2 and Fig. 2.17.
The one side of the test box is a full size transwall module of
1.132m x 0.162m x 0.635m external dimensions (A in Fig. 2.17)with one
Amm annealed glass plate in front of it (B in Fig. 2.17).

The module is a simple rectangular container, made of 6mm
annealed glass. Its section and part of the plan section with the
cover removed is shown in Fig. 2.1B. Polystyrene sheets (C in Fig.
2.18) protect the module base taking some of the weight. The
aluminium—alloy 1lid of the module (A in Fig. 2.48) with two screw-
clamps (B in Fig. 2.18) is necessary to prevent the top face plates
from moving apart due to hydrogtatic pressure.

A second module of 1.14mx 0.17m x 0.63m external dimensions has
also been used in M.E.R.A., Glasgow University (Fi%.2419).

This is made of 10mm annealed glass in accordance with the well-
established fish-tank construction technique. Provision has been
made for the location of a removable central absorbing plate halfway
between the two face plates. This absorbing plate, made of 4mm
Antisun glass, grey, 41/60 (from Pilkington Ltd.) is supported by
pairs of wertical strips cemented to each side of the module. The
gsection of this module and a part of the plan section are shown in
Fig. 2.19. Its 1lid (not shown in the figure) is made of perspex.
The hydrostatic deflection of the face plates produces negligible
visual distortion.

In both modules the 1id reduces the water evaporation and
contamination. Each module 1lid has a hole for insertion of a hose
for filling. The modules can be emptied either by using a small
pump or a simple siphon.

The solar absorptance of the first module was enhanced by
diluting a small guantity of acid green B. Evaporation was prevented
by using an oil film. Further details concerning the first module,
the strength of its solution and the outside glass plate are given in
sections 1.3 and 1.4.

The three other sides of the test box are made of three
aluminium-alloy tanks (C, D and E in Fig. 2.47) filled with water and
insulated, with a polystyrene sheet facing the interior of the test-
box (K in Fig. 2.17). In Fig. 2.20 the dimensions of the cross

sections of the three tanks are given.
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Ph. 1

Passive Solar Systems Test Box. Trar>swa 11 case.

Ph. 2

Passive Solar Systems Test Box - Roof removed.Transwall case.
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The other internal dimensions of the rear tank are 1.13m (width) x
0.703m (height) and of the side tanks 0.794m (width) x 0.725m (height)
The depth of the water inside the tanks is 0.675m and 0.695m,
respectively. A layer of oil {lcm) was poured on top of the water to
prevent evaporation.

The floor of the test box is based on a strong steel frame
(G in Fig. 2.17) with four wheels of 12cm diameter at the four sides
of the frame. The dimensions of the floor are 1.50m (width) x 1.20m

(depth). Its cross section is shown in Fig. 2.21.

5
internal space O,
<l
3. pﬁgwoo& &
£
‘ polystyrene 0‘6’
o
{ haydboard )
ambient air :
o
@ Fig.2.21

The outside glass plate, transwall and water tanks sit on
20mm foam rubber sheets, thermal insulation grade (H in Fig. 2.17) to
cushion the load and to act as an air seal. Any gaps in the box were
sealed with tape including adhesive foam. The intention
was to monitor air changes by supplying air to the box via the
compressed alr main, controller and rotameter. However time did not
permit this variation and all were undertaken with a test box
effectively sealed against ventilation.

The tanks and transwall module were located by angle clamps
(I in Fig. 2.17) upper tie bar (Tee-frame, L in Fig. 2.17) and expanded
polystyrene blocks (J in Fig. 2.17). Although the height
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of the rear tank is less than the height of the two side-tanks, care
has been taken so that the Tee-frame is horizontal. This is
important because each of the two pieces forming the 'roof' are

also supported by the Tee—-frame. The height difference between

the tanks is overcome by covering the rear tank by an extra
polystyrene cover of about 2cm height. A height difference also
exists between the transwall module and the outside glass plate.
Wooden and insulating material (parts 10,1115 for the transwall module
and 12 for the outside glass plate in Fig. 1.17T of section 1.4)
fills the remaining space. The purpose of this construction is to
allow the study of various types of passive solar test boxes with
different openings and air flow patterns.

The section of each of the two pieces of the 'roof!' is

shown in Fig.2.22., €
£
ambient aiv ?01.
{ nerdbe cord.
1 ! polyctyrene
. 3
internal space 5 Fig. 222

Fach edge of the roof is faced with rubber foam to eliminate any

possible air passage (Fig.2.23). These interfaces are also sealed

from rubbev locxm
E
e
E .

o bl e rubber Fooam

n
. £
~t n
[
()
B £.20m | Fig.2.23

outside using an adhesive tape. A sheet of polythene is stretched
over the roof for rain protection.

The wooden parts of the test box have been painted with
water-proof paint.

The final position of the various parts of the test-box is
such that the heated space filled with air is a parallelepiped
with the following dimensions: width, 1.09m; depth, 0.853m;
height, 0.725m.

The real solar heated room which is modelled by the small

test~box

The dimensions and the thermal properties of the walls of the
corresponding solar heated room modelled by the small test-box can be
calculated from the solution of the following set of equations

(and vice-versa):
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Real passive element = passive element of the {2.40)
test box
. . _ 'A lu [] n_
(U1*A1+ri*(p*cv)air*vair)/ Ag = (U'ixA'i)/A'g i =1 to Nw (2.41)
i4g
- (p! AT t s
(p*cv*V)i/Ag = (p'xc V*V )i/A g i =1 to Nw (2.42)
ifg
where, The superscript ' implies quantities of the small

test-box. Its absence implies quantities of the
full size room.
i is the subscript that implies a certain wall, the roof
or the floor. i=g for the passive system element.
U is the conductance of the wall, the roof or the floor.
prc ¥V is the total product of density specific heast capacity and
volume of the wall, the roof or the floor.
A is the area of the solar passive system element (for
example of glazing),the wall, the roof or the floor.
Nw is the number of all the walls, the roof and the floor.
r is the number of volumes of air per sec. changed
because of infiltration in the full size solar heated
room.

(P*Cvéir’vair is the product of density and specific heaf capacity and the volume
of air ¢f the full size solar heated room,

respectively.

If the test box were not sealed then similar terms implying
infiltration should appear at the right side of the equations {2.41).

The relation (2.40) does not imply simply "conservation'" of
conductance and capacitance of the passive element but the use
exactly of the passive sclar element of the real room in the small
test-box as well.

The above theoretical approach is different from that
suggested by Grimmer (52), where instead of solving the system of
equations (2.40), (2.41) and (2.42) the system of the following
equations has to be solved:

Real passive element = passive element of
the test box

Nw Nw N
(:E%(Ui*Ai)+:§:(fi*(P*Cv)air*vair))/Ag = (:%:(U'i*A‘i))/A'g i#%
i= i=1 i=1
Nw Nw
(E;;(p*cv*v)i)/Ag = (;é;(p'*c'v*V')i)A'g i¢%

These equations demonstrate the flexibility of the dimensions

and thermal properties of the test box provided that care is taken
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to "conserve'", among others, effects of edges, microclimate, the
order of positioning of the materials in the test-box walls according
to their thermal conductivity and capacity and the distribution of
golar radiation inside the test-box. The study of the effect of
changing the depth of the parallelepiped on this distribution (sectiom
2.3) shows, at least for those conditions of the examples, a
flexibility in choosing the depth of the test-box without changing
appreciably the distribution of solar radiation among the internal

surfaces and the transwall element of the test-box.

According to this analysis the test-box could model a solar
heated room with the following characteristics:
The south-facing transwall assembly consists of 16 modules of the type
used in the test-box. The assembly covers an area of about 11.7m2.
The internal dimensions of the room are:
4.36 m width
2.9 m height
5.4 m depth
The side walls and the wall opposite to the transwall assembly are
made of':
25mm wood {facing the heated space)
15mm polystyrene
236mm  brick, and
12mm asbestos board
Their U-value is about 0.87 W/mz*K. The U-vailues of the roof and
floor are 1.05 w/mg*K and 0.65 W/mz*K, respectively. It was assumed
an infiltration and ventilation rate of 2.0 interior-volume air-changes

per hour.
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2.6 APPLICATION OF THE ANALYTICAL MODELLING OF A PASSIVE
SOLAR SYSTEM IN THE CASE OF THE SMALL TEST-BOX.

The existence of insulation at the four small faces of the
transwall module and the three tanks can lead to the assumption
of one~dimensional heat flow along their small dimension. Edge
effects are neglected in relation to other quantities.

By adopting the same assumption for the "floor" and the
"xoof "' the thermal model of the test-box is simplified in such
a way that heat flow is considered only along the direction of
three separate lines of nodes; normal to the transwall module,
normal to the side tanks and normal to the "floor""ceiling",
respectively. Each line starts and finishes at ambient
temperature (see Fig. 2.24). Only the node of the control volume
of the heated air space is common in these three lines. In Fig.2.25
the three lines of nodes are shown with the material filling each
control volume. The surfaces for which the temperature is
calculated, are also shown with one asterisk (%¥). The water in
the transwall module and in each tank is separated into three
control volumes. The common control volume (air space) is the
seventh in the x direction, the seventh in the y direction and the
third in the z direction. The volume of each control volume and
its dimension along the direction of its line is given in Table 2.13.

Table 2.15 gives the area of interface of each control volume
along the direction of its line. The interface i belongs to the
control volume i~1l and 1. The longwave (X>4.1ym) and shortwave
(X<k.1lym) estimated values of absorptance of some of these surfaces
used in the mathematical model are also given in this table.

Table 2.14 gives the estimated thermal properties of the test~
box materials and Table 2.16 the air properties inside the test-box.

The air gap between the outside glass plate and the transwall
module had a width of 6.,53cm., The height of the gap was 64.9cm.

“Tamb Tamb zenith

\\\5\ | test-box

v
Tamb

Tamb

Tamb Fig. 2.24
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Table 2.13

Dimensions and volumes of the control volumes of the test-box

Control Along x direction Along y direction Along z direction

volume dimension volume dimension volume dimension volume
m m=3 m m—3 m m—3
1 0.004 0.0032 0.0032 0.0019 0.0032 0.0030
2 0.006 0.0037 - 0.012 0.0068 0.021 0.0195
3 0.012 0.0078 0.095 0.0539 0.725 0.6741
4 0.126 0.0814 0.012 0.0068 0.016 0.0149
5 0.012 0.0078 0.0032 0.0019 0.028 0.0260
6 0.006 0.0037 0.014 0.0083 0.0032 0.0030
7 0.853 0.6741 1.090 0.6741
8 0.028 0.0195 0.014 0.0083
9 0.0032 0.0024 0.0032 0.0019
10 0.012 0.0084 0.012 0.0068
11 0.072 0.0502 0.095 0.0539
12 0.012 0.0084 0.012 0.0068

0.0032 0.0024 0.0032 0.0019

.
w

Table 2.14

Thermal properties of the materials used in the test-box

thermal specific
property —s conductivity heat capacity density
W/ %K J /KgxK Kg/m3
material
clear float glass 0.800 837.4 2723.1
water (still) 0.604 4179.0 997.4
plywood 0.100 1330.0 720.0
hardboard 0.1X0 1330.0 ‘ 900.0
aluminium alloy 16G.0 880.0 2707.0

polystyrene (rolled) 0.048 1330.0 20.0
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Table 2.15
Area and optical properties of control volumes interfaces (Interface

i belongs to the control volumes i - 1 and i)

Surface Along x direction Along y direction Along z direction

Area m2 Area m2 Area m2
0.8119 0.5672 0.9298
0.7291 0.5672 0.9298
2a 0.7291 _
3 0.6462 0.5672 0.9298
4 0.6462 0.5672 0.9298
5 0.6462 0.5672 0.9298
6 0.6462 0.5672 0.9298
7 0.6976 0.5672 0.9298
8 0.6976 0.5672
9 0.6976 0.5672
10 0.6976 0.5672
11 0.6976 0.5672
12 0.6976 0.5672
13 0.6976 0.5672
14 0.6976 0.5672
Surface Absorptance Absorptance Absorptance
Longwave Shortwave Longwave Shortwave Longwave Shortwave
1 0.80 0.24 0.14 0.15 0.65
3 0.95 0.05
4 0.95 0.25
7 0.80 0.95 0.05 0.15 0.82
8 0.95 0.05 0.95 0.05
14 0.24 0.12 0.24 0.14
Table 2.16

Properties of Air.

thermal specific Density
temperature Prandtl Viscosity, conductivity heat 3
K number Kinematic W/m * K capacity Kg/m
me/s J /KgrK
250 0.722 9.49x10_6 22.27x10—3 1017.3 1.45
300 0.708 15.68x10-6 26.24){10-3 1017.7 1.21

350 0.697 20.76x10°° 30.03x107° 1021.0 1.03
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Thé measuring system provided values of the solar radiation,
the wind speed over the test-box and the temperatures of the ambient
air and various nodes and surfaces of the test-box. Some
climatological values which provide second order effects e.g. dew
point temperature of the ambient air, etc., were taken from
climatological data (79). The computer program contains measured
and estimated values of the climatological data averaged over a
quarter of an hour. The time of the day quoted refers to the end
of that fifteen minutes averaging period(E&%.Z.ZG).

The collection of data from the test-box lasted over ten days
but time has not permitted more than a partial analysis of this data
and so the verification of the analytical model of the test-box is
being presented only for two days, from 9°° solar time of the
second of April to the 16°° solar time of the third of April. The
outside glass plate of the transwsll system element was covered by
a 50mm thick polystyrene sheet from 16°° solar time of the second
of April to 755 solar time of the third of April.

2.6.1. The measured input data.

Solar radiation

Global solar radiation on a horizontal plane was measured
using a Xipp-Zomnen type pyranometer, placed on a table near the
solar test-box. Global solar radiation on a vertical plane parallel
to that of the outside glass plate of the test-box was also measured
using a silicon photo-cell. These are shown in photograph 3.
Both instruments were connected to  potentiometric chart recorders.
The diffuse solar radiation falling on the horizontal surface was
also recorded on the recorder chart every 10 minutes by shading the
pyranometer with a small disc. The pyranometer
was calibrated at Met. 0. Bracknell, No accuracy is quoted but a
figure of + 5.0% is typical for its use in horizontal position.
The photocell was calibrated against the pyranometer to a precision
of * 3% up to an incidence angle of 750 beyond which the cosine
response becomes too uncertain.

From the measured global I and diffuse DIE solar radiation

h,tot
on a horigontal surface, the absolute value of the vector of the direct solar
radiation (intensity) is given by the following relation:

RAD:(Ih,tot— DIEh)/51na

where the solar altitude angle a is glven by the relation F2 of
Appendix F.

Fig.2.27 gives measured values of the intensily of the dicect solar radiation
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and the irradionce of the diffuse solar radiation on a horizontal surface
averaged on the previous quarter of an hour for the second and third
of April. The swall capital letlters represent estimated values.

From the values of both +the direect solar radiation and the
diffuse solar radiation on a horizontal surface, the radiation on
every unobscured external plane surface can be calculated. This
is presented in section 2.1. The comparison between calculated
and measured values from the photo-cell in the vertical position is
about 8%, a difference contributed by uncertainties related to the
non-~uniformity of sky diffuse radiation, adjacent builldings,
reflectivity of ground, etc.

Wind speed.

Wind speed was measured using a sensitive cup anemometer,
Casella, No. 616, calibrated at Glasgow University, Department of
Aeronautics. The number of revolutions of the anemometer was
recorded every 10 minutes, There was an uncertainty over the
direction of the wind. In Fig. 2.28 the measured values of wind
speed, averaged on the previous quarter of an hour, are given.
Again, the small capital letlers represent estimated values.

Temperatures of ambient air, various nodes and surfaces.

Chwomel-Alumel thermocouples were used to measure the
temperatures of ambient air, the temperatures of the nodes of
the control volumes 3, L, 5, 7, llinthexdirection and 3, 11 inthey
direction, and the temperatures of the surfaces 2, 3, 7, 8 in thex
direction and T, 8intheydirection. The thermocouples were
connected to a data logger, with built in cold junction compensation.
Care was taken not to expose the ambient alr and control volume 7
(inthexdirection) thermocouples to direct solar radiation.

Complete scans of the thermocouple inputs were initiasted every
five minutes during the day and twenty minutes during the night.
Each scan was completed within half a minute. The accuracy of the
temperature measurements was variable owing to noise in the scanner
unit, but generally correct to + 0.1°.

The values of ambient temperature, averaged over the previous
quarter of an hour during the day or interpolated from the available

data during the night are given in Fig. 2.28.

2.6.2. The completion of the input data.
(a). Wind

The values of wind speed at the surface 1 and 1L along the

x~direction for both days and at the surface 1 along the y~direction
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for the second of April, 1982, were taken to be those of Tables 2,17 -
and 2.18, The value of wind speed at the surface 7 along the
z-direction was 0.5 m/sec for every time.

The values of wind speed at the remaining external surfaces
for the second of April were those at the surface 1 along the
y-direction and at the remaining external surfaces for the third
of April are those at the surface 1 along the x-direction.

Table 2.17

Wind speed (m/s) on the 2nd of April, 1982

Solar surface surface surface
Time 1 14 1
x direction x direction y direction
10 2.51 2.31 2.51
11 2.31 2.11 2.31
12 2.62 2.2 2.62
13 2.68 2.h8 2.68
14 2.62 2,42 2.62
15 2.83 2.63 2.83
16 2.63 2.43 2.63
17 2.00 1.80 2.00
18 1.50 1.30 1.h0
19 1.50 1.30 1.k
20 1.ko 1.10 1.30
21 1.k0 1.10 1.30
22 1.30 0.90 1.20
23 1.30 0.90 1.20
2k 1.20 0.75 1.10
Table 2.18
Wind speed (m/s) on the 3rd April, 1982
Solar surface surface Solar surface surface
Time 1 1k Time 1 1h
x direction x direction X direction x direction
1 1.10 0.50 2 1.10 0.50
3 1.10 0.50 it 1.10 0.50
5 1.10 0.50 6 1.10 0.50
T 1.10 0.50 8 1.10 0.50
9 1.55 1.35 10 1.92 1.72
11 1.65 1.45 12 2.16 1.96
13 2.16 1.96 1k 2.3h 2.14

15 2,23 2.03 16 2.07 1.87
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(b) Dew point and ground surface temperature.

The dew point temperature of the ambient air and the ground
surface tempersature are 3iven in Fig. 2.28 for both days.

(c) Heat transfer coefficients and effective conductivity of
water.

For simplicity, the heat transfer coefficient hx+ at each
external surface was calculated from the relation:

h, = 5.T+3.84V (in W/m“*K)
where, V is the wind velocity in m/s.

For the covered transwall system the heat transfer coefficient
between the outside glass plate surface (surface 1 alongthe x direction)
and the ambient air was estimated to be 1.k W/m“*K.

Min's relation for the heat transfer coefficient for vertical
surfaces (section 2.4) appears to be low compared to other values
in the literature. Its value was increased by one third but is not
critical to the analysis.

The effective conductivity at the interface of two water

control volumes was taken to be 5 W/m¥K for the water tanks and the

transwall module when the system was covered. During the rest
of the time it was taken to be 30 W/m¥K for the transwall module.
The enhanced value of the thermal conductivity of the water was
chosen from the results of section 3.2, because of circulation
effects.

To account for the sheet of polythene stretched over the
"roof" the thermal conductivity of the polystyrene layer of the
"roof" was reduced to 85% of its value {of Table 2.14%).
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2.6.3 Test box measurements and analytical model results.

The uncertainty over the optical properties of the internal
surfaces of the test-box led tothe comparison of thetest-box measurements
with three different analytical results. These results
are based on three assumed distributions of the solar radiation among
the internal surfaces and the transwall system element. The first
two distributions correspond to the analysis of section 2.3 (optical
properties according to the Tables 2.2a and 2.2b). The distribution
resulting from the higher reflectance of the internal surfaces gives
a better match between predicted and measured values of temperature.
This match is further improved by assuming an enhanced absorption of
the solar radiation by the transwall system element. This assumption
certainly results in a decrease in the radiation absorbed by the
internal surfaces. The values of the absorbed radiation of the third
distribution are the product of values of the second distribution and
the corresponding factors of Table 2.19. This enhanced absorption of
the transwall system element, some 16%, is within the tolerance of the
uncertainty in the estimated optical properties of the transwall glass.
Note also that the l-dimensional technique used to calculate the
optical properties of the transwall system element will overestimate
both the total absorptance and total transmittance of the element
relative to the correct 3-dimensional technique. {Table 1.17,
section 1.4).

Higher solar radiation absorption of the internal surfaces
than that based on the values of reflectance of Table 2.2b could be
tolerated if:

(a) the conductivity of the polystyrene was higher.

(b) the absorbed solar radiation by the external surfaces of the
tanks was lower, and

(c) the heat loss during the night was lower than assumed.

Fig. 2.29 to 2.37 and Tables 2.20 to 2.27 give values of
measured and predicted temperatures of variousg control volumes and
surfaces of the test-box. The reference numbers of the control volumes
and surfaces have already been given in Fig. 2.25. The pattern of
temperatures over the whole time period generally remains the same
for measured and predicted values. The best matching between
measured and predicted values occurs usually during the time period
with the outside glass plate covered with the polystyrene sheet
{from 16Ob gsolar time of the second of April to 755 solar time of

the third of April). The matching is less succesful during the
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Table 2.19
Factors used in calculating the solar radiation absorbed by various

control volumes and surfaces of the test-box.

control volume 2nd April 3rd April
(x direction)
1 1.11 1.12
2 1.10 1.11
3 1.19 1.19
4 1.21 1.23
5 1.10 1.17
6 1.15 1.18
Surface
8 (x~direction) 0.80 0.79
7 (y—direction) 0.75 0.78
8 (y-direction) 0.75 0.78
3 (z-direction) 0.83 0.81
4 (z-direction) 0.98 0.98

remaining periocd of time and this can be attributed, to some extent,
to overestimation of solar radiation during the scecond of April and
underestimation of solar radiation during the third of April. The
matching of the air temperature in the test-box (control volume 7,
along the x-direction), the transwall temperatures (control volumes 3,
4, 5 along the x-direction) and the temperatures of surfaces 7 and 8
along the x-direction is good. But the matching of the temperatures of
the water tanks, the temperatures of the surfaces 7 and 8 along the
y—direction during the second of April and the temperatures of the
surfaces 2 and 2a along the x-direction is less good. This can be
attributed not only to the approximation of the real physical phenomena
by the assumed mathematical model of the test-box but also to
uncertainties over the estimated values of the climatological data,
the effective conductivity, the contact resistance between polystyrene
and tanks, the optical properties of the external surfaces of the
test box and the thermal properties of the various materials.

The following discussion is referred to the best matching
(:third type of the internal distribution of the solar radiation).

The maximum difference between measured and predicted values
of temperature of the 7th control volume along the x-direction is
about 2°C for both days and occurs about 1l solar time (Fig. 2.29).

Maximum differences of the same order of magnitude between




measured and predicted values of temperature are also experienced in
the case of temperature of the middle nodes of the water tanks. The
general pattern of temperature over the whole time period for
predicted values is slightly different from that for measured values
(Fig. 2.30).The"predicted" pattern has higher and lower peaks. This
is likely due to overestimated absorption of radiation during the
second of April, overestimated heat losses to the environment during
the night and underestimated absorption of radiation during the third
of April. Lower values of the effective conductivity of water
improves the '"predicted" pattern slightly.

The maximum temperature difference between measured and
predicted values in the case of surface 7alongthe x-direction occurs
during the first hours of the second of April and is about 2%c.

The same happens for the surfaceSalong“the x-direction. There is a
better matching during the rest of the time period especially during
the time the outside glass plate is covered. (there is almost
coincidence in the case of the surface 8) (Fig. 2.31and 2.32),

The matching of measured and predicted values of temperatures
of surfaces 7 and 8 along the y~direction is not good during the
secornd of April, with predicted values always higher than the
measured ones. The maximum difference is as high as 3°c. Slightly
higher values of the conductivity of the polystyrene +than those used
in the simulation of the test-box improve the matching (Fig. 223 and 234),

An indifferent matching for both days is evident in the case
of the temperature of surface 2 along the x-direction. At least
better matching can be achieved during the period of time the
outside glass plate is covered with, assuming a higher heat transfer
coefficient between surface 1&ﬂpn8thex&direction) and ambient
temperature. (Fig. 2,35 .This is in line with the remark of the
previous paragraph on the conductivity of the polystyrene.

In the case of surfaceZaix&directioh) a very good matching
exists for the time period with the outside glass plate covered.
This does not happen for the remaining time, where the measured
values of temperature are always higher than those predicted with
maximum difference slightly less than 3°¢ in both days, (Fig.2.36).
Some of this difference can be attributed to the radiation absorbed
by the thermocouple itself, although it had been covered to decrease
the radiation effect.

From Fig. 2.37and Tables 2.20, 2.21 the difference between

measured and predicted values inside the +transwall module can be
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seen. There is almost coincidence between measured and predicted

values of temperature during the second of April. The difference

becomes larger after the 320 solar time on the third of April with
a maximum at about 1020 solar time, of about 1.1°%.

Studying the relative magnitude of the three measured
values of temperature inside the transwall module it is evident,
for most of the time points, that the temperature gradient is very
small with higher +temperatures at the inside side of the module.

This is not the case for the three predicted values of temperature
inside the transwall module, during the period of time the system is
covered. The predicted temperature of the central node is higher
than the two others and the temperature of the inside node is
generally lower than that of the outside node. This means that a
better matching can be achieved during the period of time the system
is covered if higher heat losses from the transwall to the
environment are assumed than from the transwall to the room.

Finally, Tables 2.22 to 2.27 give some results from the
analytical modelling of the small test-box. These are referred to
predicted temperatures of the nodes of the various control volumes and
surfaces. For these surfaces the associated heat transfer coefficienthx+

and radiatmnfhncqiare also given.

It should be mentioned that the chosen time interval was At = bmin
with very good convergence. A time interval of At = 15min caused
oscillations. The values of the climatological data of the three

5 minute intervals of each quarter are those of the end of the
particular quarter. (Fig.2.26. The convergence criterion used was
the absolute value of the relative change between two successive
iterations in the node values of the temperature to be smaller than
O.OBOC. The average number of the iterations before convergence was
obtained had been about 3.5 iterations during the period of time the
system was uncovered and about 1.5 iterations for the remaining time.
This is in agreement with the numerical findings of the section 3.1.5
concerning the importance of the relative magnitude of the source
terms of the set of the difference equations on the convergence of
their line by line solution. Indeed, during the former period of time
the absolute values of the source terms are higher than during the
latter because of the presence of the solar radiation absorption. The
required computing time for the particular problem was 30 secs for

each day on = ICL 2976 computer.
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Table 2.20
Measured (m) and predicted (p) values of temperatures of the
control volumes 3,4 and 5 in the X direction,on the 2nd of April 1982

( °C). Transwall module conirol wvolumes.

Solar control volume 3 control volume 4 control volume 5
Time m P m p m 9]
9 12.49 . 12.62 o 12.89
10 14.74 14.11 13.64 13.883 13.76 14.02
11 15.51 16.23 15.73 15.89 15.81 16.11
12 17.89 18.38 18.05 18.10 18.12 18.832
13 19.91 20.49 20.14 20,23 20.14 20.47
14 21.70 22.00 21.85 21.87 21.78 22.09
15 22.60 22.56 22.65 22.67 22.72 22.82
16 22.27 21.88 22.40 22.48 22.40 22.52
17 22.12 21.93 22.02 22.19 22.10 21.93
18 21.97 21.69 21.90 21,92 21.90 21.60
19 21.48 21.41 21.43 21.64 21.40 21.29
20 21.13 21.13 21.13 21.35 21.13 20.99
21 20.73 20.83 20.78 21.06 20.83 20.70
22 20.44 20.53 20.46 20.77 20.44 20.40
23 20.11 20.24 20.16 20.47 20.21 20.11
24 19.74 19.96 19.76 20.18 19.84 19.83
Table 2.21

Measured {m) and predicted {p) values of temperatures of the
control volumes 3,4 and S inthe x direction, on the 3rd of April,

1982 ( OC). Transwall module cortrol volumes.

Solar control volume 3 control volume 4 control volume 5
Time m jo! m P m p
1 19.44 19.66 19.46 19.89 19.54 19.54
19.17 19.38 19.17 19.60 19.24 19.25
3 18.84 19.10 18.92 19.32 18.97 18.97
4 18.10 18.79 18.12 19.03 18.22 18.68
5 18.00 18.50 18.00 18.73 18.056 18.38
6 17.40 18.19 17.45 18.44 17.50 18.08
7 17.75 17.91 17.87 18.15 17.87 17.83
8 18.12 17.77 18.25 17.96 18.34 17.88
9 17.70 16.21 17.63 17.56 17.75 17.51
10 18.12 17.12 17.65 17.27 18.20 17.75
11 i8.17 17.06 18.32 17.47 18.40 17.77
12 18.37 17.46 18.50 17.69 18.57 18.08
i3 18.84 18.41 18.94 18.12 19.04 18.73
14 19.29 18.87 19.46 18.84 19.44 19.38
15 18.97 18.40 19.01 19.00 19.04 19.34

16 18.79 17.96 18.92 18.88 18.92 19.07
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CHAPTER 3
NUMERICAL FLOW PREDICTION AND EFFECTIVE
CONDUCTIVITY OF THE TRANSWALL FLUID.

Introduction.

The flow of the liquid in the transwall modules induced Dby
the absorption of radiation is predicted numerically by the method
presented in section 3.1. The experimental and numerical evidence
showed that this phenomenon under the usual solar irradiation and
temperature conditions i1s a 3—~dimensional laminar flow. The effect
of the volumetric absorption of radiation on the liquid flow has been
studied very little by experimental or numerical methods (56 ).
Most of the relevant work concerns solar ponds or solar distillation.
In the former case the pure conduction assumption is very common (57 ).
In the latter the effect of the volumetric absorption of radiation
is simply neglected (58) (21). The discretization of the
governing equations of the 3~dimensional laminar flow follows the
basic characteristics of the control volume method. The thermal
behaviour of the glass container 1s also incorporated in this
numerical prediction. Although this complicates the whole analysis
and increases the required computing time, it is considered important
because the modelling of the phenomenon becomes more realistic.
The treatment of the heat fluxes at the boundary of two different
regions is discussed by Roache (59 ) and Larson et. al. (65 ).
In section 3.1.4 a new treatment is given in such a way that the
coupling of conduction and convection regions is obtained and the
line-by-line iterative solution of the system of the energy difference
equations is performed from one side of the module to the other.
Because of the shape of the module all the control volumes are of
parallelepiped shape. The solution of the whole set of difference
equations follows the basic features of the SIMPLE procedure
suggested by Patankar (68 ). The set is divided into small sub-
sets, e.g. momentum, energy, etc. Fach sub-set is solved
successively by employing the line-by-line iterative method (section
3.1.6). This iterative method does not guarantee the convergence
of the solution of the so-called "pressure correction" sub-set of
equations and an explanation based on numerical evidence is given.
That is why the Gauss-elimination direct method was finally adopted
for the solution of this particular sub-set instead of the line-by-
line method.

The numerical method has been applied to various transwall




142

modules filled with distilled water and the temperature, pressure

and velocity fields have been predicted (section 3.3). The number
of the temperature control volumes was 302,of the pressure 108,and

of the velocity components 126, 144 and 126, Tt was found that

an excessive amount of computer time was required, the ratio of

main frame computer time to real time being of the order of 200 to 1.
This time problem restricts the numerical method to moderate real time
periods of only a few minutes.

The complicated phenomenon of the fluid convection inside the
transwall module can be simplified to a conduction one by introducing
the effective conductivity concept (section 3.2). The calculation
of the effective conductivity is obtained by employing an analytical
approach which makes use of the data collected from the application
of the numerical method. Values of the ratio of the effective
conductivity to the conductivity of the still water are calculated
at two interfaces inside the water of four different transwall
modules under irradiance conditions of 400 to 500 W/m2. These
values are higher than those suggested by Fuchs et. al. (3 ),
which have been produced from fitting experimental data. This
may be attributable to the fact that the effective conductivity
was calculated in this thesis for those periods of time during which
the stratification of the transwall liquld was small and could not
effect the convective heat transfer.

Measurements of the temperature and the velocity at certain
points in a small transwall module irradiated by a solar simulator
have been performed to support some of the numerical predictions
(section 3.4). The temperature measurements concern the
temperature patterns along the small dimension of the transwall
module at different heights. These patterns are compared to
the numerically predicted ones. The values of the three velocity
components were measured by using the "thymel blue technique".

This is achieved by photographing the blue lines produced
electrolytically inside the solution of the thymel blue into
water. An analytical method has been developed to "translate"
the position of a point in a pair of photographs taken
simultaneously by two cameras into three coordinates referred to

the real transwall module.
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3.1 MODELLING THE PHENOMENON OF THE NATURAL CONVECTION OF A
FLUID INDUCED BY THE ABSORPTION OF RADIATION.

3.1.1 _Assumptions
The phenomenon of the natural convection of a liquid inside a

transwall module induced by the absorption of radiation has been studied
numerically under the following assumptions:
a) The flow is laminar.

The phenomenon has not yet been studied sufficiently to
establish criteria of laminar, transition or turbulent flow. The
initial intuitive expectation of a laminar flow inside a transwall
module under usual solar irradiance (400 + 500 W/mz) has already been
verified experimentally in certain cases (section 3.4). On the other
hand, there has not been any evidence from the numerical study of the
phencmenon of any laminar instability that would indicate a transition
into a new type of flow (59), (80).

b) The fluid is Newtonian.

The present analysis of the phenomenon concerns vebry weak
solutions of dyes in water. According to Tritton (61) and Massie
(62) the water behaves as a Newtonian fluid, typical of fluids with
small molecular interaction.

c) The terms with the second coefficient of viscosity w in the
momentum equations are neglected.

Although there is experimental evidence of the existence and
magnitude of the second coefficient of viscositylﬂ for various fluids
(among them, water), doubts expressed on the methods used for its
measurements (66) and simplification convenience have led to this
omission.

d) The contribution of the kinematic energy to the total internal
energy is negligible.

The total internal energy per unit mass eS is defined here by
the following expression:

e, = e + k
where e 1is the internal energy of the liquid

e =j'cV dT

c, is the constant volume specific heat capacity (3/Kg*00)

T is the temperature of the liquid (OC)

k is the kinematic energy of the liquid

k = 0.5 « V2

V is the absolute value of the velocity vector V
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For water in ordinary temperatures with velocities of the order of
magnitude of 0.04m/s, the second term of the right side of the
total internal energy expression is negligible in comparison
with the first term (c_ = 4061 J/Kg = °¢).

e) The constant volume cv and constant pressure Cp specific heat
capacities are constant.

This is primarily a numerical convenience adopted to simplify
the final expressgion of the energy equation.

f) The work performed by the viscous stresses and the gravity
force are neglected in comparison with conduction, convection and
radiation absorption.

This assumption is readily Jjustifiable in natural flows
according to References (42), (61), (63) and (65). This is
particularly true as the radiation absorption increases.

g) The movement of the upper boundary of the liquid because of its
expansion is neglected.(See Fig.3.1).

3.1.2 Governing differential equations

1. The continuity equation

3(p)

=+ div (@) =0 (3.1)

the density of the fluid.

e
[o2]

where

the mass-flux vector,

—

=p % V

[
(9]

is the velocity vector,

<} <ol @4,

brd = -
usxi+vaseJjg+wsxk

—

u,v and w are the three components of the velocity vector V
along the three axes of a constant co-ordinate system Oxyz.
The unit vectors of this system are ?; F'andiz.
In Fig. 3.1 the co-ordinate system Oxyz used in the present analysis is
shown in respect to the transwall module and the gravity vector E.

- upper boundary The axis Oy is vertical to the plane of

page, towards the reader.
The inclination angle from the

horizontal plane is g°.

V7 Fig. 3.1
2. The momentum equations

For the component of velocity u along the x-direction:

EL%%El- + div (aﬁu) = div (p%gradu) ~3xgradP +
" : Tepsrf + div (p*f§) (3.2)
pxu

where p i gy—irst coefficient of viscosity.
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P is the hydrostatic pressure of the fluid.
Tx = (3u/8x)x%i + (8v/8x)%3 + (8w/dx)xk

For the component of velocity v along the y-direction:

gigzzl. + div (Gxv) = div (pxgrad v) - Flgrad P + div (p*i§)
: (3.3)
where Ly = (8u/8y)*T + (8v/dy)+F + (Buw/By)«¥k
For the component of velocity w along the z-direction:
QL%%El + div (aﬁw) = div (p*grad w) - i%grad P +
Kwprs + div (p%i;) (3.4)

where Lz = (Qu/8z)%T + (Bv/Bz) » T+ (8w/Bz)5k

The terms that have been omitted from the right side of the
momentum equations (3.2), (3.3) and (3.4) because of the assumption,
¢, are respectively:

p' o* div (Tx) + (ap'/ax) % div V.

p' o div (Ty) + (8p'/8y) = div v

p' o« div (Tz) + (8p'/8z) = div v
where p' is the second coefficient of viscosity of the fluid.

3. The energy equation

According to Eckert et.al. (42) the general form of the energy equation

is given by the following expression:

S(pre ) . . e
5T =" div (V*(pspes-z-P) - div (9) + 9y + div GixV) +pxVng
stored convected conducted generated work performed by
energy energy energy energy viscous stresses and

gravity forces

where E'is the heat flux vector. Fourier's law of heat conduction
for an assumed isotropic medium gives: § = —-Ax grad T
where A is the thermal conductivity of the fluid.

T1 is the viscous stress tensor. Its elements are:

Ty = padiv(D) s 2epeBu/Bn), T, = padiv(T) - 2npn (Qv/8y),

Ty = plxdiv(V) + 2*}1*(8‘”/82))

T, = p*((gv/sx) + (Su/gy)), Tyg = P*((SW/Sy)_(%v/Sz)),‘ﬂél =3
T&S = p*((Su/Sz) + (Qw/8x)), Ty STosr Tlgy = T4

q, is the volumetric rate of heat generation. (e.g. absorption
of radiation). Because of the assumptions d, e and f the energy

equation is written in the following form:

S(P*CV*T} -
5 — - div (V*F)*(CV%T+P/P)) + div (Axgrad T) + q,

The gpecific enthalpy h and the constant pressure specific heat

capacity cp are defined from the following equations:
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h =fc »dT =fc_ xdT + P/p

and the final expression of the energy equation is:

T) -
E&iﬁ;%f__-p div (G*cp*T) = div(}%aradT“)ﬂ—qu (3.9)

4. Governing equation of heat conduction in the non-convective
parts of a transwall module.

The energy equation for pure conduction with internal sources

is given by the following expression, similar to expression (3.9)
(pwc +T)
E_E__K___ = div (Axgrad T) + g (3.6)
St u

It is obvious that all the governing equations for both convective and

conductive parts of a transwall module have the same general form:

%(,—i*sé) + div(bxVxg) = div(cegrad 4) +dy (5.7)

where # is the general dependent variable

Vis the velocity vector and

a,b,c and d are coefficients generally dependent on ¢.
3.1.8 The discretization of the system of differential equations

The discretization of the distribution of the dependent
variable § of the differential equation (3.7) is achieved by employ-
ing a control volume method, the basic characteristics of which appear
in Patankar's control volume method described in (67) and (68).

The whole domain of interest, no matter if it is a conduction
or convection regicn, is separated into control volumes. Care is
taken every boundary between two different conduction or convection
regions to coincide with interfaces of adjacent control volumes. A
node is located at the geometric centre of each control volume. In
Fig. 3.2, an example of a two-dimensional domain is shown, consisting
of a conduction and a convection region, with black dots as the nodes

of the control volumes.

conduction vegion convection region

4 4 . 4
1 T

') - L —1= q% 3 — [ -+
: i |

. . . — =" * - Vv ay
s ;%| AN\

- . - s . —h\-\o- e o -t
[ 4 4 A R
i i ! I =

[ L] 'Y —rb L] —f e —t L —t
) A 4 2
1 T T U

—t—
boundary between conduction Fia.3-2

and  conveclion TE%“’"‘
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A typical control volume is shown cross-hatched. Integrations of
the energy and the continuity equation are performed over each of
these control volumes. The values of temperature and pressure are
calculated at the nodes of these main control volumes. The velocity
components are calculated for the points that lie on the faces of
the main control volumes. This means that a displaced grid of
nodes is used for each velocity component. The horizontal short
arrows show the nodes of control volumeg that correspond to the
velocity component u alongthex-direction in Fig. 3.2. Equally, the
vertical short arrows show the nodes of control volumes that
correspond to the velocity component v alongthey-direction.

Typical control volumes of the u and v velocity components

are also shown in Fig. 3.2 {single-hatched). Integration of the
momentum equation of each velocity component is performed over these
control volumes. In this integration the half-control volumes
corresponding to the velocity components nodes at the boundary
surfaces between two different convection regions, or between a
conduction and convection region, are excluded. Not only is space
discretization performed but the time is discretized as well.
From the known values of dependent variables éo at time t, the
values ¢ at the next instant t + At have to be calculated. The
superscript o is used to denote the values at time t, while its
absence implies values at t + At.

The integral of each term differs from term to term,
depending on its actual expression. These are generally volume or
surface integrals. Their finite-difference representation depends
on the agsumption of the variation of $ between the nodes. The
simplest variations are generally adopted, stepwise or piecewise-
linear variation. In any case, the compatibility of surface
integrals between adjacent control volumes is ensured.

The finite-representation of the various terms of equation
(3.7) is:

1. Volume integrals

la. Unsteady term, B (axd) /Bt

Stepwise variation assumption of the values of ¢ and a
over the whole control volume with node L (Fig. 3.3) gives:
o o
(aL*éL - ap eeéL )#AV/AL (3.8)

where AVisthe volume of the control volume.
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lb. Parts of source term d, for example Tapsg  or q -
Stepwise variation assumption of the values of p and q, over
the control volume, gives:
pL*g%coseoﬁAv, %ﬂfAV (3.9)
lc The pressure terms,
ixgrad P = dp/dx
Integration over the control volume of node L, assuming a
linear variation of pressure P between points x+ and x-—-, gives the
following finite-representation:
P - P

X+ K=

AL+ AL A (3.10)
X+

Similar expressions are obtained for the other two pressure terms of

the correspcnding equations.

¥ A -
5 T R L =+ R u=\ud"
! ] ) ] I pugdiied .
I} | ’ - | n=1 at x
/ / / /

/ /
/ AS,, A‘-x~./ A ] —_‘AR,‘_/

AA is the surface of the control volume with node L.
AV is the volume of this control volume.
Ax is the ntevface of the control volumes L and R .

Fi%.&'a

2. surface integrals

Convection and diffusion terms, div {b%V&é), div (cxgrad ¢) and
the last terms of the momentum equations,

for example div (H*E;).

The integration of these terms over the control volume gives

rise to surface integrals according to the Gauss divergence theorem:
i aivFxav = ({ Fnxaa
AV AA

where, Fn = Fae;l' ig the component of T normal to surface AAand T is
the outer unit vector normal to surface AA. Assuming Fn constant all

over the area Ax of surface AA, SanﬁdA = Fn®Ax . (2.11)
Ax

So the finite representations of the integrals of convection and
diffusion terms and of the last terms of the momentum equations
at the point x+ of the interface of the control volumes L and R (according

to Fig.3.3) are:

convection term: (b*é%u)x+*AX (3.12)
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diffusion term: (C%(Bé/%XDX+*Ax (313
last term: (p*(%u/%xﬁx+*Ax (3.14)

The expression of the last term is similar to that of the
diffusion term and so the following discussion will be restricted
only to the convection and diffusion term finite representations.
A linear variation between points L and x+ gives the following

finite~representation for the diffusion integral over area Ax:

B —b

x+ L
c # (———) % Ax (315)

X+ ALX+

The final finite-representation of both integrals, convection
and diffusion, that will allow the coupling of the values of the dependent
variable 4 at the two adjacent nodes, L and R, depends on the
expression of the variable ¢x+ at the interface. An unsuccessful
expression of éx+ may produce instability problems because of physical
unrealism.

When there is no convection normal to the interface, the final
finite representation of the surface integral(s) can be expressed
without the explicit appearance of the value of the wvariable ¢x+
by the appropriate treatment of the relevant fluxes at the interface.
This is discussed for heat fluxes at boundaries between conduction and
convection regions in the next section.

When there is convection normal to the interface, the
expression of the integrals without explicit appearance of the value
¢x+ can be obtained by employing one of the upwind, hybrid or power
law sbhemes, discussed in {(59) and (68). In this work the hybrid
scheme has been used, taking into account not only the diffusion flux
from the typical diffusion term div(cxgrad #) of equation (3.7) but
diffusion fluxes that might arise from the source term dé— for
example, the last term of the momentum equations. This way the hybrid
scheme becomes more realistic.

Finally, it should be added that the absence of the super-—
script o from ¢ from all the above finite representations, apart
from (3.8), implies that the present formulation of the system

of difference equations is fully implicit.
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3.1.4 The coupling of conduction and convection regions.

When there is no convection normal to the interface of two
control volumes, the finite representation of the diffusion term of
the energy equation can be expressed without the explicit appearance
of the value of the temperature of the interface. Only the values of
the temperature of the nodesgs of the control volumes appear. This is
obtained by the appropriate treatment of the heat balance at the
interface. This method of analysis is important because it overcomes
the problem of discontinuity between conduction and convection regions.
It also allows the line-by-line iterative solution of the algebraic
equations derived from the discretization of the energy differential
equations to be performed along the total length of the grid lines.
The analysis can be extended to mass~fluxes or stresses at the inter-~
faces of their control volumes in corresponding cases of discontinuity.

The computational effort of calculating the temperature of the
interface of the control volumes can be by-passed in certain cases
where the temperature of the interfaces are not required.

The interface, normal to the direction of axis x, between the

two control volumes A and B is shown in Fig. 3.4

Ti: temperature of the
A Ax B
interface Ax
.ﬁﬁ ITB Ax: area of interface
axAl2 Axs|2 normal to x axis
Ti direction
———
| axa axs | =

Fig, 3.4

By convention the two nodes of the control volumes, where the
temperatures are calculated, are at distance from their common inter-—
face half the size of their control volume along the x axis direction.
The nodes are represented in Fig. 3.4 by dots.

The energy balance at the interface is:

[ QB + Qra + Qst = O (3.46)
where QA is the heat flux because of the temperature gradient between

the interface and the adjacent region of the control volume
A.

RA = % Ax*(ST/ﬁx)i (3.47)

—AAi
wheref%iﬁ;the thermal conductivity of the material of control volume
A at the interface.

5§isthe heat flux Dbecause of the temperature gradient between
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the interface and the adjacent region of the control volume B.

WB = + RBi%AX*(BT/Sx)i (3.18)
Whereﬂaiﬁ the thermal conductivity of the material of control volume
B at the interface. In both cases of heat fluxes QA and 65 the arrow
shows the direction of heat flux along the axis x.

Qrais the net radiation exchange of the interface with the
environment. For example:

Qra = AB; » Axxqin — Eix Axax-s*(Ti)A' (3.19)

where AB; is the absorptivity of the interface.

Ei is the longwave emmissivity of the interface.
gin iz the  irradiance (W/mz)

Qra is positive for incoming radiation on the interface and
negative for outgoing radiation from the interface.

Qstis theenergy'stored' by the interface. This can be, for
example, the heat transferred by evaporation or condensation at a

liquid surface

Qst = Qev = —hwe*Ax*hfg(Ti) (3.20)
or Rst = Qco = mWC%Ax*hfa(Ti) (3.21)

where ﬁwe’ mwcisthe evaporated or condensed mass flux
respectively and hfg(Ti) is the associated latent heat of the
liquid.

If we write:

ai = (Qra+Qst)/Ax (3.22)
the initial energy balance at the interface has the following form,

gl % Ax + QA + QB = O

Discretizing the expressions of heat fluxes @K and QE
assuming a linear temperature profile between the nodes and the

interface, we obtain:

—t

QA = -aAi*Ax*(Ti—TA)/(AXA/z) {3.23)
B = +HBi*Ax%(TB—Ti)/(AXB/2) (3.24)
Putting h, = 2*ﬂAi/AXA (3.25), hy: = 2%3B1/AXB (3.26)
we obtain qi%Ax+hAi%AX%(TA—Ti)+hBi*AX*(TB—Ti) = 0 (3.27)
The hAi or hBi could be the conventional heat transfer

coefficient of convection between the interface of temperature Ti and
the liquid of temperature TA or TB respectively.
So from the last relation,we take

Ti = (h i*TA+hBi*TB+q1)/(hAi + h_.,) (3.28)

A Bi

and
Q& = (hAi*hBi*Ax*(TA—TB))/(hAi+hBi) - (qi*hAi*Ax)/(hAi+hBi) (3.29)

B = (hAi%hBi%AX%(TB—TA))/(hAi+hBi) - (q1*hBi*Ax)/(hAi+hBi) (3.30)




1523

Again it is emphasised that using the above expressions for
the heat flux at every interface of a control volume during the
discretization of the energy differential equations problems of
discontinuity are readily overcome and the line-by-line solution
procedure can be used without any difficulty.

In the general case the quantities h h_., gi depend on

-
the temperature Ti of the interface. Therefﬁie g?iing a first
estimate to the temperature of the interfaces the quantities hAi’
hBi,qi, the temperatures of the grid nodes and finally the
temperature of the interfaces are calculated. This procedure is
repeated until convergence is achieved for the grid node
temperatures.

If the quantities h i,qi, are independant of the

Ai’hB
interface temperature Ti, the above mentioned first estimate and

the following calculation of the interface temperature Ti is not
necessary. The calculation of the temperatures of the nodes is
performed only once.

The above mentioned calculation of the interface temperature
is achieved in the computing program of this thesis by using the
Newton-Raphson technique with the appropriate equation derived from
relation (3.28).

An example of an air-gap discontinuity is given in Appendix K.

3.1.5 The complete difference equations for the transwall module

The present analysis is referred to transwall modules in the
vertical position. A typical transwall module is shown in Fig. 3.5.
The thick line is the boundary of the system and defines the domain
of interest. The particular shape of this typical transwall module
allows the domain of interest to be filled with control volumes of
parallelepiped shape. (Fig. 3.6). The nodes being at the geometric
centre, form a grid with its lines parallel to the three cartesian
co-ordinate axes. The number of the control volumes which form the
transwall module are NIT, NJT and NKT along the x, y and z axis
respectively. In the present work as can be seen from Fig. 3.5
NIT = 8
NJT = 5
NKT = 8

The temperature is calculated at each node of these control

volumes. The number of control volumes in the convection region are
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NI, NJ and NK along the x, y and z axis respectively. In the present

work:

NI =6
NJ = 3
NK = 6

The pressure is calculated at the nodes of these control

volumes.

The adoption of a displaced grid for each component of

velocity is translated

into the following number of nodes:

For the velocity component u, along the x axis, the number of

nodes are NI1l, NJ and NK along the x, y and z axis respectively.

where, NI1 = NI + 1

For the velocity component v, along the y axis, the number of

nodes are NI, NJ1 and NK along the x, y and z axis respectively.

where, NJ1 = NJ + 1 .,

For the velocity component w, along the z axis, the number of

nodes are NI, NJ and NKl1 along the x, y and z axis respectively.

where, NK1 = NK + 1 .
The velocity component
I=2"%0NI, J=1to
The velocity component
I=1% NI, J =2 to
The velocity component
I =1%NI, J=1 to

u is calculated at the nodes (I, J, K), where
NJ, K =1 to NK
v is calculated at the nodes (I, J, K), where
NJ, K = 1 to NK
w is calculated at the nodes (I, J, X), where
NJ, K =2 to NK
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The nodes (I, J, X) of the velocity component u for I = 1
or NIl, J =1 to NJ, K = 1 to NK, of the velocity component v for
1 to NI, J =1 or NJ1, K = 1 to NK and of the velocity component
1l to NI, J = 1 to NJ, K = 1 or NKI belong to the boundary

I =
w for I =
of the convection region. All the components of velocity at this
boundary are of zero value. This is true for all the boundary except
for the interface between the liquid and oil. A more accurate
approach could require the treatment of the momentum fluxes at this
interface.

However to generalize the computing program it has been
constructed in such a way that the velocity components at the
boundary of the convection region can be of any value. This allows the
program to be used easily for many other types of flow, for example
forced convection or natural convection with inflows and outflows from
the transwall module.

A typical parallelepiped control volume is shown in Fig. 3.6

control volumes (nodes)

2~ ///ﬁY' I, (1,J,K)
A'i 5 X+ (I +1,J,K)
[ "
S ! i X= (I - 1,J,K)
_‘ : ? b
: | Y- Y+ (1, J + 1, K)
pZ i:““;??”'j%if”‘”“”“f§+ Y- (r, J -1, K)
‘¢
/TLiF———— Z+ (1,J, K + 1)
o L2+ VA (I,J, K - 1)
é§+ l DX,DY,DZ are the dimensions
ér of the control volume L.
DX

Fig. 3.6

The discretization procedure outlined before, applied to
the energy and momentum differential equations gives the following
general-difference equation of the dependent variable ¢ for each
control volume (I,J,K):

APC(I,J,K)#$(I,J,K) = AP1(I,J,K)*g(I+1,J,K}+AP2(I,J,K)+4(I-1,J,K)+
AP3(I,J,K)#p(I,J+1,K)}+APA(I,J,K)»$(I,J-1,K)}+
APS(I,J,K)«4(I,T,K+1)+AP6(T,JT,K)«d(I,J,K-1)+
BPC(I,J,K) (3.39)

where APC(I,J,X), AP1(I,J,K), AP2(I,J,K), AP3(I,J,K), AP4(I,J,K),

AP5(I,J,K), AP6(I,J,K) and BPC(I,J,K) are coefficients. All the

values of the dependent variable ¢ correspond to time t + At. The

value of ¢0 (I,J,K) at time t has been absorbed in BPC(I,J,K).
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Some of the terms of the right side of the equation may not
exist at all because, simply, control volumes are not defined for
the corresponding sides of the control volume (I,J,K). Then
information concerning the corresponding interface of the control
volume (I,J,K) is absorbed in BPC(I,J,K).

An estimate, P*(1,J,K), of the pressure field, produces a
preliminary velocity field u®*(1,J,K), v*(1,J,K), w"(I,J,K) from the
solution of the corresponding velocity component difference equations.
The superscript # is used to denote that the values at time t+AT are
simply estimates.

The true pressure P(I,J,K) is related to the estimated
pressure P®*(I,J,K) by:

P(I,J,K) = P®*(I,J,K) + PC(I,J,K) (3.32)
where PC(I,J,K) is the so called pressure correction.
On the other hand the true velocity components are connected

to the estimated values via

u(I,J,K) = u®™(1,J,K) -
DY(J+NY)*DZ(K+Nz) # (pC(T,J,K)-PC(I-1,J,K})/APU(I,J,K)
{(3.33)
v(I,J,K) = ve(I,J,K) -
DX(I+NX)% DZ{K+Nz)«(PC(I,J,K)-PC(I,J-1,K))/APV(I,J,K)
(3.34)
w(I,J,K) = w*(I,J,K) -
DX (I+NX)*DY(J+NY)* (PC(I,J,K)-PC(I,J,K~1))/APW(I,J,K)
(3.35)

where DX, DY, DZ are the dimensions of each parallelepiped control
volume along the x, y and z axis respectively. (See Fig. 3.6 )

NX, NY, NZ are the number of the control volumes in the
conduction region before the convection region, along the x, y and z
axis respectively. In this work, NX=1, NY=1 and NZ=1, as seen in
Fig. 3.5.

APU, APV, APW are the coefficients APC of the general-
difference equation (3.31) for the velocity components, u, v and w,
respectively.

Substituting from equations (3.23), (3.24) and (3.35) for the
u(1,J,K), v(I1,J,K) and w(I,J,K) in the finite-difference equation of
the continuity eguation a finite difference equation of the same type
as (331) is obtained where the variable @ represents now the pressure

correction PC.
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The solution of the set of all the equations (3.31) (energy,
momentum, pressure correction) and equations (3.32) to (3.%5) will
provide the values of the dependent variables of temperature T,
pressure P, and velocity, u, v and w at the instant t + At at each
node. The calculation of the coefficients of these equations requires
the knowledge of:

(a) The values of the previously mentioned dependent variables TO,
uo, v° and w° at time instant t, at each node.

(b) The properties of density p, constant volume and constant
pressure specific heat capacity ., cp, thermal conductivity A and
the first coefficient of viscosity p as functions of temperature.
(¢) The dimensions DX, DY, DZ of each control volume.

(d) The radiation absorbed by each control volume.

(e) The value of each velocity component at the boundary of the
convection region.

The heat balances at the outer boundary of the
transwall module (the thick line of Fig. 3.5) and the boundary of
the convection region also require:

(f) The heat transfer coefficient h between the ambient air and the
outer boundary of the transwall system, the longwave radiation

(x> 4.lpm) falling on this boundary q and the emissivity E of the boundary.
(g) The radiation absorbed by the boundary of the convection region
QIN in the case where the absorption of part of the radiation by the

water can be considered as a surface phenomenon.

3.1.6 The solution of the set of the difference equations

The total set of the finite difference equations consists of
six main sub~sets, with each sub-set corresponding to a particular
dependent variable: The three momentum equations sub-sets for each
velocity component, the pressure correction sub-set for the pressure
correction, the sub-set of equations (3.32) to (3.35) for the pressure
and each component of velocity, and the sub-set of energy equation
for the temperature. Although these equations are in a nominally
linear form, they are generally non-linear and interlinked.

The solution of the total set is not a simultaneous one but
a sequential one, where successively the sub-sets of equations are
solved. The solution of the momentum, pressure correction and energy
equations sub-sets is not generally performed by a direct method but
by the line-by-line iterative method.

According to the line-by-line method, it is assumed that the
values of the dependent variable of equation {(3.31) for the nodes along

one grid line are unknowns, but that those for the nodes along the four

4+ Radiation Wavelemath 0.3pm to 4.1 pm.
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neighbouring lines are known. In the case of the 3-dimensional
transwall module, there are three grid lines parallel to the three
Cartesian co-ordinate axee . Then, the equation (3.31) takes the

following form:

B(M) * 4(M) = A(M) = $(M+1) + D(M) for M=1 (3.36)
B(M)#4(M) = A(M)#A{M+1)+C(M)xd{M-1)+D(M} for M=2 to {(MD-1)(3.37)
B(M)«A(M) = C(M)»B{(M=1)+D(M) for M=MD (3.38)

where, MD is the number of nodes along the line with the unknown
value of the dependent variable #.

It is then easy to solve directly this system of MD equations
with MD unknowns(MD}3) using the well known tri-diagonal-algorithm.
The computing listing of this algorithm is given in Appendix O.

For the values of ¢ along the neighbouring lines (which have
been considered to be temporarily known), the best estimates are
simply used, which are the values from the previous iteration. In
this manner we traverse along all lines in one direction, then,

using the resulting solution as the best estimate, the process is
repeated along the second direction and finally the same operation
is performed along the third direction.

A discussion on the merits of the line~by-line method for the
solution of a set of non-linear and interlinked equations and
comparison with other direct and alternative methods is given by
Patankar (67), (68).

In the case of the present problem of the transwall module,
the following procedure has been followed, similar to the SIMPLE
Algorithm suggested by Patankar (67), (68):

(1) Provide initial estimates of all the variables, pressure P*,
temperature T®* and velocity components u®, v*, w® at time t+At.

(ii) Calculate those quantities like density of the liquid, thermal
capacity etc. that depend on the previous variables.

(iii) Solve the momentum equations, cast in form of equation {3.31),
to obtain new estimates of u®*, v®, w® at time t+At, sequentially.

(iv) Solve the pressure correction equation to obtain the pressure
correction PC.

(v) Calculate the pressure P from equation (3.22) and the corrected
velocities u, v and w from the equations (3.33), (3.34), (3.35),
respectively.

(vi) Repeat steps (ii) to (v) another time and then go to step (vii).

(vii) Solve the energy equation and obtain the temperature T.
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(viii) Calculate temperatures at certain boundaries as from
equation (3.28).

(ix) Regard the new values of the five dependent variables as
improved estimates and return to step (ii).

Repeat until convergence.

In the solution of the total set of equations or of a sub-
set of it by the line-by-line iterative method, divergence problems
may be overcome by an under-relaxation process. Patankar discusses
various under-relaxation schemes in (68) and (71).

Numerical examples have shown that the convergence of the
line-by-line iterative method depends on the relative magnitude of
all the coefficients APC, APi (i=1 to 6) and BPC of the sub-set of
equations (3.31), page 154. These coefficients are always non-
negative.

The relative increase of the coefficients APC in relation to the
coefficients APi and BPC increases the possibility for convergence
of the line-by-line iterative method. If convergence exists, it
also increases the rate of convergence. On the other hand the
relative increase im the absolute value of BPC in relation to the
other coefficients slows this convergence. (A numerical example is
given in Appendix M). Indeed studying the various under-relaxation
schemes, somebody could recognise the mentioned numerical findings
on the importance of the relative magnitude of the coefficients APC,
APi and BPC: In both schemes, of under-relaxation factor &(a'<1),

(APC/d) % = j%‘(APi*b.) + BPC +(1-a)% (APC/a) g’
Pia * b

and of inertia s

[
(APC+s)xp_ = >  (APixd. ) + BPC + sxd'
Poia * P

the objective is the increase of the APC coefficients. But, the
possible simultaneous relative increase in the absolute value of
BPC coefficients may decrease the benefit of the increase of the APC
coefficients.

The same features of the two mentioned under-relaxation
schemes are apparent in the case of the negative slope linearization
of the source term ; BPC . On the other hand, the under-relaxation
schemes concerning the various auxiliary variables, e.g. density,
viscosity, etc. or the source term, tend actually to favour the
relative magnitude of the APC coefficients by trying to "conserve'
the old relative magnitude of the various coefficients. Finally, the

simplest way of under-relaxation using shorter time steps increases

explicitly the magnitude of the APC coefficients.
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Comparing the energy and momentum finite-difference equations
with the pressure correction equation an inherent disadvantage can be
seen in the procedure used in respect of the relative magnitude of the
coefficients APC, APi, BPC for unsteady flows. This also applies to
the SIMPLE and SIMPLER Algorithms , introduced by Patankar. This
disadvantage is due to the presence of time step At in the denominator
only of the APC coefficients of the momentum and energy finite-
difference equations and not of the pressure-correction equations (or
the pressure equations for the SIMPLER Algorithm). In addition to this,
the time step At is present in the denominator of one of the terms of
the BPC coefficients of the pressure-correction or pressure equations
for compressible flows. This means that moderate time steps enhance
only the possibility of convergence (or faster convergence) of the
momentum and energy equations and have an inverse effect on the
convergence of the pressure-correction (or pressure) equations in the
line-by-line iterative solution. The divergence of the line-by-line
iterative solution of the sub-set of the pressure correction
equations was experienced in the first attempts to apply the SIMPLE
Algorithm in the case of the transwall module for very moderate time
steps of 1 sec. These time steps were sufficient to secure the
convergence of the solution of the sub-sets of the momentum and energy
equations. Suggested (Patankar (71)) relaxation factors of a' = 0.5
for the momentum finite-difference equations and ap = 0.8 for the
pressure-correction equation did not work. The absence of an
unconditional guarantee that under-relaxation schemes would always
allow iterative methods to give convergence led to the adoption of
the Gauss elimination method for the direct solution of the sub-set
of pressure-correction equations. The disadvantages of storage and
time are evident in using the direct method (in comparison with the
line~by~line iterative method). The subroutine GAUSS had been
constructed according to the flow diagram for the Gauss elimination
method given by Stoecker (72). Although the NAG-direct method
subroutines may give more accurate solutions they were not used

because of larger storage requirements.
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3.2 EFFECTIVE CONDUCTIVITY

3.2.1 The definition

The concept of effective conductivity arises when the
performance of a thermal system is expressed by one diffusion

differential equation,

B(p*cv*Tﬂ
—sT = div (Ref* grad Ts) + 9 (3.39)

instead of a more complex system of differential and algebraic

equations, e.g. the one consisting of equations (3.1) to (3.5).

This simplified approach implies that the effective conductivity is

a function of many parameters. It has two main advantages over the

complex approach:

1. For engineering-design calculations there is no need to
know the values of all dependent variables on which the
thermal performance of the system depends. Interest is
mainly concentrated on the determination of the energy
stored and absorbed (or produced) by the system and the
energy exchanged with the environment of the thermal system.
2. Saving in computing time. The experience of solving

complicated systems of differential and algebraic eguations
with the present computers shows that the required computing
time is usually too large to predict numerically the thermal
performance of the transwall for real time periods of hours,
days or months. The numerical prediction of the thermal
performance over long periods of real time is actually
achieved only by the simplified equation (3.39) if a
successful expression of the effective conductivity,ﬂef,

can be obtained.

Experimental or numerical ways can be found to establish a

general expression of the effective conductivity, A as a function

’
of some basic parameters and conditions. A numberegf researchers

have used the experimental method to find the effective conductivity

of cylindrical, spherical or plane layers of a fluid confined between

a hot and a cold surface for steady state free convection. A summary

of these results is presented by Eckert et.al. (42) and Kutateladze
et.al (63) where the ratio of the effective conductivity to the actual
thermal conductivity of the fluld is given as a function of the Rayleigh
number, based on the thickness of the layer and on the temperature
difference between the hot and cold surfaces. According to

Kutateladze et.al (63) the geometry of the fluid layers is also

crucial in determining this ratio.
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In this thesis numerical wayé of predicting the effective
conductivity aéf are discussed and one of them is used to calculate

the effective conductivity, 4 inside transwall modules. It

s
should be stressed that the csiputational procedure is related to
the control volume method and its associated assumptions used for
the discretization of the various terms of the differential
equations. In this respect the calculation of the effective

conductivity, A

pr COnCEerns values at the interfaces of control

volumes.

3.2.2 Effective conductivity at a control volume boundary, at

which there is no production or storage of energy.

First of all the domain of interest is separated into
control volumes. Over each of these control volumes the energy
equation,

§ (prc *T) ~

g div(G%cpqu) = div (Axgrad T) + q, (2.40)

is to be integrated. This is just one differential equation of the
system of the differential and algebraic equations, the sclution of
which will allow the calculation of the effective conductivity Aef
from the equation
8_(P -:ecv-n-Ts)
—5T

This differential equation is integrated over control volumes,S,

= div(A _xgrad Ts) + CH (3.41)

ef

each generally consisting of a number of the control volumes made
for the integration of the energy equation (3.40). So in Fig.3.7
the control volume S, with volume AVs, consists ofr% smaller

control volumes. If AVi is the volume of the small control volume i

n,
thenm, AVs = f AVi (3.42)
i=1
In the same figure the area As of the control volume S also

consists of thekS smaller areas that are common interfaces of kg
pairs of smaller control volumes, with one part of the pair inside
and the other part outside the control volume S. If Aj is the area
of the common interface j of the pair j of the smaller control

K
volumes, then As =Zs Aj (2.43)
Jj=1

Asg Fi3.3.'7
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Integration of equation (3.41) over the control volume S according

to the discretization method of section 3.13 %i\/es the source term «AVs

1 Qus
the unsteady term,
o 0 3

((p*cv)TS*Ts - {prc_)pg *Ts )#AVs/At
and diffusion fluxes. For example for surface As, the diffusion

s
flux will be, EZ:UAS*Aj*(Tj—TS)
where UAs is Jchej:énduc‘\:ance at the suwrface As.

Conservation of the absorbed (or produced) energy inside

the control volume S, requires

Qg (i q #OVi)/ BV (3.44)
Conservatlon of the energy stored in the control volume S, requires
(p%cv)Ts*Ts =(Zl (paecv)Ti*Ti*AVi)/AVs (3.458)

1=

where Ti1is the temperature of the individual control volume i.
From this equation the temperature Ts of the control volume S is
calculated. Finally, conservation of the exchanged energy of
control volume S through the surface As, assuming that only
convection and possibly diffusion fluxes exist at the small areas

Aj, gives the following relation:

Kk
UAS%;AJ'*(TJ'—TS) EGAJ%C .aeAJ*TAJ+Z?t %T/Sx) (3.46)

where GAj = G-95 (347a) and (BT/SX)Aj :%‘r‘—ﬁﬁ'@g (3.47b)

and Eﬁ}sthe unit vector normal to surface Aj towards the

surrounding environment. All the values of the quantities of the
right side of equation (%.46), are referred to values at the boundary
Aj. The expression of TAj and (BT/SX)Aj with the temperatures Tjs
and Tj is discussed in sectien 344.

The calculation of the effective conductivity (A )

ef’'As
requires the definition of an appropriate distance & . Then,
= &
(Aef%s UAs# & (3.48)
A possible distance & for parallelepiped control vehumes is shown in Fig.3.8
2
- —
NI L
*T51 Toze ‘
e |l ‘4
L

Fig.3.8
If equations (344) to (2.48) are applied not only to the control

volume Sl but also to the control volume 52, then the effective
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conductivity at the interface As 1is calculated from the following

equation ks k$

= : *AT*TA S HAGY (A - 1

(Aop) pa (zgiGAJ*Cij Aj TAJ+;§%AA3*(3T/§X)AJ iV (As*(TS2-TS1) /512)
J= J= (3.49)

3.2.3 Effective conductivity at the interface of two control

volumes, without convection across it.

The heat fluxes 6K and aﬁ ét the interface of the control
volumes A and B of Fig. 3.4 of section 3.1.4 can be written in the

following way?

Qb = (aef)Ai%(TA-TB)*Ax/((AXA + AXB)/2) (3.50)
(Ap)py = ((AXA + AXB)/2)sh, ¢hy . /(h,; + hy.) - (8:51)
(AXA + AXB)xqixh, /(2% (TA=TB)x(h,. + h )} 5,44
(Agplpy = ((AXA + AXB)/A2)sh, why . /(h,, + hy.) -

(AXA + AXBﬁqi%hBi/(2*(TB—TA)%(hAi + hBi)>'))

ri = (hAi%TA + hBi % TB + qi)/(h,. + h

)
L RN AL é}: h?l DL
(AXA + AXqui*hBi/(2*(TB-TA)*(hAi + hBi))

Ti = (hAi%TA + hBi % TB + q1)/(hAi + hBi)

The definition of the various quantities of the above three equations
is given in section 3.1.4. It should be remembered that these
equations have been constructed under the assumption of a linear
variation in temperature between the interface temperature Ti and

the node temperatures TA and TB. The simultaneous solution of these

)

three equations gives the values of (A _.) . and (A

ef Al ef 'Bi’

3.2.4 Examples of numerical prediction of the effective conductivity

in the cage of various transwall modules.

The procedure for calculating the effective conductivity at
a control volume boundary at which there ig no production or storage of
enerqy is applied to four different cases, each one corresponding to four
different size transwall modules of the same shape as the module of
Fig. 3.9. The effective conductivity is calculated at four surfaces,
normal to the x direction, shown in Fig. 3.9.

The dimensions of each transwall module necessary for the
construction of the control volumes S (Fig. 3.9) over which the
differential equation (3.41) is integrated, are given in Table 3.1.
This table also gives the dimensions of the control volumes (Fig.3.%)

over which the differential equation (3.40) is integrated.




Dimensions of transwall modules {(cm).
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Table 3

.1

Irradiance (mW/cmz) on the

module. DX, DY and DZ the control volumes dimensions along the x, ¥y

and z axis, respectively.

case 1 case 2 case 3

case 4 DX{I)

cagse 1 case 2 case 3 case 4

Usol 38.60 49.74 49.74 49.74 I=10.40 .0.40 0.40 0.60
L 7.4 7.4 7.4 15.0 2 1.20 1.20 i.20 1.20
H 23.72 47.44 60.00 b56.70 3 1.24 1.24 1.24 3.00
H/L 3.21 6.41 8.11 3.78 4 1,24 1.24 1.24 3.30
W 18.80 18.80 18.80 31.00 5 1.24 1.24 1.24 3.30
LO 0.40 0.40 0.40 0.60 6 1.24 1.24 1.24 3.00
L1 1.20 1.20 1.20 1.20 7 1.24 1.24 1.24 1.20
L2 4.96 4.96 4,96 12.60 8 0.40 0.40 0.40 0.60
L3 1.24 1.24 1.24 1.20 DZ(K) case case 2 case 3 case 4
H1 0.60 0.60 0.60 0.60 K=10.68 0.68 0.68 2.50
H2 0.68° 0.68 0.68 2.50 2 3.95 7.00 9.00 8.00
Lw 0.60 0.60 0.60 0.60 3 3.95 7.00 10.00 9.50
DY(J) case 1 case 2 case 3 case 4 4 3,96 9.72 11.00 10.85
J =1 0.60 0.60 0.60 0.60 5 3.96 9.72 11.00 10.85
2 6.26 6.26 6.26 10.00 6 3.95 7.00 10.00 9.50
3 6.28 6.28 6.28 11.00 7 3.95 7.00 9.00 8.00
4 6.26 6.26 6.26 10.00 8 0.60 0.60 0.60 0.60
5 0.60 0.60 0.60 0.860
0 = 0 vy
- 3
& b, . h 0,
u RS ; Ges ] 2rd optical wil N hae 5 s |
B oil _ | subsystem | oit a
N ! E Lt optical
SH) : i subsystem
L0 1_1;_ L2 J(_La LO L L]
hi T‘slg o2 ET?B ) " .
% —E_Eiz Q32 % "
| ; " *
S . "
dho b
T N R | ]
h 9 h A

F1 %.3.9
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Thermal properties, emissivity and viscosity:

The values of density p , specific heat capacity ¢, thermal
conductivity A and emissivity E of the annealed float glass from
Pilkington Ltd. at 20° have been used for the conduction region
(Table 3.2) and of saturated water at latm (14) for the convection
region (Table 3.3). In the present numerical analysis it was assumed
that the constant volume and constant pressure specific heat capacity
of water were equal. Their difference is very small, for example, of

the order of 0% at ZOOC.

Table 3.2

Properties of annealed float glass at 2000.

Density Specific heat capacity Conductivity Emigsivity

gr/cm3 mJ/gr*K mW/cm*K E

2.498 770.0 10.0 ' 0.84
Table 3.3

Properties of saturated water at 1 atm.

Temperature Density Heat capacity Conductivity Emissivity

°c gr/cm3 mJ/gr x K mW/cm % K
15.56 0.9986 4186.0 5.96 0.96
21.11 0.92974 4179.0 6.04
26.67 0.9958 4179.0 6.14
32.22 0.9949 4174.0 6.23

The temperature T dependent first coefficient of viscosity
is calculated from the following relations, given in the C.R.C.

Handbook of Chemistry and Physics (70).

T 20°¢ B = 10" gr/lcmssec)
T > 20°¢ B = 0.01002 % 10" gr/lcmssec)
where,
1301.
i = 801.0 - 3.3023

998.333+8.1855*(T—20.O)+O.OO585%(T—2O.O)2

1.3272*(T—2O.O)—O.OOlOSS*(T—ZO.O)Z
T+105.0

and T in °C
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Radiation+absorption:

Assuming only volumetric radiation absorption, the radiation,
QIN, absorbed at the convection region boundary is zero. Certainly,
this is not the case for the longwave fraction of the radiation (X% 2.1pm)
reaching the glass-water interface, because its absorption by the
water is rather more a surface than a volumetric phenomenon.

In the present analysis the fraction of radiation absorbed by
each control volume of the transwall module is calculated by using
the l-dimensional technique (section 1.1) which neglects edge effects
along the y and z directions. The transwall module optical system is
separated into three different sub~systems (see Fig.39) and the
technique is applied to each of them. Each sub-system consists of a
number of layers along the x direction: The first of one layer of
glass, six layers of liguid and one layer of glass; the second of
eight layers of glass; the third of one layer of glass, six layers of
air and one layer of glass (neglecting the thin layer of floating oil).
The number of the layers of each sub-system is NIT (=8) equal to the
number of the control volumes. The control volume (I,J,K) belongs to
the layer I of the corresponding optical sub-system. Table 3.4 gives
the thickness of the layers (that is the DX dimension of the control
volumes) and the fraction of incident radiation absorbed by them for
the transwall module of the first three cases. Similarly, Table 3.5
is referred to the transwall module of the fourth case. It was
assumed that the glass was clear float glass from Pilkington Ltd. and
that the radiation consisted only of a direct component with an angle
of incidence of 4.1°. This is in agreement with the experimental
situation in which the transwall module receives radiation from a
solar simulator (section 3.4). The values of the fraction of incident
radiation of Table 3.4 are referred to the spectrum which corresponds
to voltage across the lamps of the simulator of 105 volts and of
Table 3.5 to air-mass 2 spectrum.

The irradiance g, (mW/omQ) on the module of each case is
given in Table 3.1. The radiation absorbed by the control volume
(I,J,K) is:

ABSO(I,J,K) = ggo1 * DY(T) » DZ(K) +P(1) (in mw)

where

DY(J) * DzZ(K), is the area of the control volume normalto thex direction
(in cm2)

P(I), is the corresponding fraction of the absorbed energy.

+ Radiation wavele-nzath 0.3 pm to 4.1 um
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Table 3.4
Thickness of each layer - Fraction of radiation absorbed by each layer.
Total incident radiation =1. Spectrum correspomding to 105 volts across the simulator lamps.
layer number I.— 1 2 3 4. 5 6 7 8
thickness {(cm)— 0.40 1.20 1.24 1.24 1.24 1.24 1.24 0.40
1st subsystem,Pl1 0.102 0.164 0.026 0.014 0.009 0.007 0.006 0.033
2nd subsystem, P2 0.100 0.228 0.158 0.109 0.078 0.057 0.043 0.012
3rd subsystem, P3 0.102 b.O 0.0 0.0 0.0 0.0 0.0 0.001

Table 3.5
Thickness of each layer - Fraction of radiation absorbed by each layer,
Total idncident radiation=1. Air-mass 2 spectrum.
layer number I -— 1 2 3 4 5 6 7 8
thickness (cm)— 0.60 1.20 3.00 3.30 3.30 3.00 1.20 0.60
1st subsystem,P1 0.124 0.143 0.035 0.012 0.008 0.007 0.003 0.030
2nd subsystem,P2 0.122 0.165 0.216 0.106 0.055 0.031 0.009 0.004
3rd subsystem,P3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.006

Table 3.6

Heat transfer coefficient and incoming longwave radiation at the

transwall module outer boundary. Radiatiom wawﬂength,ﬁ)kipm.

According to Fig. 3.9 h(mW/cmz%K) AUmW/cm?)
boundary with the

minimum x co-ordinate hl = 0.58 ql = 42.5
boundary with the

maximum x co-ordinate h2 = 0.58 92 = 42.0
boundary with the

minimum y co-ordinate h3 = 0.01 qs = 0.0
boundary with the

maximum y co-ordinate h4 = 0.01 q4 = 0.0
boundary with the

maximum z co-ordinate h6 = 0.01 QG = 0.0
boundary with oil over it hSS = 0.10 qSS = 0.0
remaining boundary h = 0.10 9 = 42.0
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Heat transfer coefficients and incoming longwave radiation:

For each part of the ocuter boundary of the transwall module,
as it can be seen in Fig. 3.9, a different heat transfer coefficient
and incoming longwave radiation can be assigned. These are given in

Table 3.6.

The initial conditions

For each case, the initial conditions for time zero were
those of an isothermal module of ZOOC, without any convection and
radiation absorption. The initial pressure was the hydrostatic
pressure of the liquid. The ambient temperature around the module was
always constant at 20°C. The almost adiabatic conditions at the sides
and bottom of the transwall modules led to much higher corresponding
glass temperatures than those of the liquid. To some extent this
effect was decreased by decreasing the fraction of radiation absorbed
by the second optical subsystem (see Tables 3.4 and 3.5 ) after a
certain number of time steps. The isothermal initial condition was
adopted for two main reasons:

a) It was impossible to know the temperature, velocity
components and pressure at each control volume at the same time
instant with the measurement system that was available.

b) It allowed easy detection of numerical instabilities that
might lead to divergence after few time steps, because only

temperatures above 20°C were physically realistic.

Instabilities that might arise from a false expression of the
interface value ¢x+ of the dependent variable ¢ (static instability
according to Roache (59)) were overcome by the hybrid scheme. Under—
relaxation using moderate time steps (in all cases the time step was
chosen as 1 sec) did not always secure convergence. Another source
of instability was detected that might lead to divergence after some
time steps. This was interpreted as the inaccuracy of the solution
of the system of difference equations because of inappropriate computer
precision and inappropriate convergence criterion limit. The former
was overcome by using double brecision. The latter by trial and error
procedures. The convergence criterion used in the present iterative
solution of the system of difference equations was the absolute value
of the relative change between two successive iterations in the node
values of the velocity components and the temperature to be smaller
than certain convergence limits. The convergence limit for the
temperature was not so important in respect to inaccuracies and a

+Radiation wavelength | &) 4.1 pm.
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value of 0.001°C was used. The convergence limit for the velocity
components was important and a value of 0.5%10_6 cm/s was necessary -
at least at the onset of the flow. As the time passed and the flow

was more developed with larger values of velocity components, larger
convergence limits could be used without the danger of divergence.

The largest value of convergence limit used for the velocity components
was ().7*10—5 cm/s. It is obvious that larger convergence limits
increased the number of resulis obtained for a certain computing time.

Discussion of the results

The results of the present analysis are presented via the
so-called ratio of conductivity, (ﬂef/ﬂ). This is the ratio of the
effective conductivity Ref to the actual thermal conductivity A.

Interfaces O and 3 (Fig.3.9)

As was expected the ratio of conductivity at the glass-water
interfaces 0 and 3 is always one because there is no convection normal

to these interfaces.

(/Mg =1 G /Ng=1

Interfaces 1 and 2 (Fig.2.9)

Pure conduction

For the first time steps (three or four) the computing program
was allowed to run under the assumption of pure conduction inside the
liquid of the transwall module. This allowed the establishment of
temperature gradients and so density and pressure gradients inside the
liguid which in turn were the driving forces for the velocity. The
ratio of conductivity at interface 1 and 2 for pure conduction inside
the liquid of the four different transwall modules is shown in Fig.
3.10 to 3.33.

This ratio is not one due to the fact that equations (3.40) and
(3.41), although absolutely similar in the case of pure conduction, have
been integrated over a different number of control volumes. The ratio
can also be interpreted as a correction factor which allows for the
effect of a less successful approximation of the differential equation by
integrating it over a coarser grid-mesh. The ratio always depends on the
temperature distribution inside the liquid obtained from the integration
of equation (3.40). This is shown in the following values of the ratio
of conductivity referred to the transwall module of the fourth case:

Pure conduction without absorption of radiation:

(Aef/ﬂ)l,cond = (Hef/H)Z,cond = 3.3
Pure conduction with absorption of radiation given by Table 3.5:
(Ref/a)l,cond = 3.1 and (Ref/ﬂ)Z,cond = 0.7
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Convection

In Fig. 3.10 to 3.33 some of the numerical results on the
effective conductivity are presented. The ratio of conductivity
at interfaces 1 and 2 is given as a function of three different
Rayleigh numbers Ra, Ral and Ra2.

The first Rayleigh number Ra is based on the distance
L2 + (L1+L3)/2 and the temperature difference TS1-TS3 between
the nodes of the first and third liquid layers. The thermal
properties which appear in the Rayleigh number Ra are calculated at
the temperature TS2 of the node of the second ligquid layer.
Similarly, the second and the third Rayleigh numbers Ra1 and Ra2
are based on the distance (L1+L2)/2 and (L2+L3)/2, respectively
and the temperature differences TS1-TS2 and TS3-TS2 between the
nodes of the first and the second liquid layers and between the
nodes of the third and the second liquid layers, respectively.
The thermal properties of the Rayleigh number Ral and Ra2 are
calculated at the temperatures of interfaces 1 and 2 respectively.

The Rayleigh number was adopted as one parameter of the
effective conductivity function because it incorporates both the
ratio of momentum diffusivity to thermal diffusivity (through the
Prandtl number, Pr) and the relation of buoyant inertial and
viscous forces (through the Grashof number, Gr). The Rayleigh number
is also being used more and more in natural convection flow problems
instead of the Grashof number. The three particular Rayleigh
numbers Ra, Ra._, Ra2 were chosen because they could be calculated

1
rather easily during the determination of the effective conductivity

Aeee

From Fig. 3.10 to 3.21 a similarity of the patterns of the
ratio of conductivity (ﬂef/ﬂ)l at interface 1 for various aspect
ratios (H/L) is obvious. The same can be said for the patterns of
the ratio of conductivity (}\ef/ﬂ)2 at interface 2 (from Fig. 3.22 to
Fig. 3.33). This similarity can be attributed to the similar pattern
of flow inside the liquid of the four transwall modules.

For both surfaces 1 and 2, the absolute value of the Rayleigh
numbers Ral and Ra2 is always smaller than a certain limit. This can
be translated into the fact that the temperature difference between
the adjacent liquid layers never exceeds a certain value. The
temperature gradient actually produces the convection which, in turn,

tends to balance the temperature difference. The maximum temperature

difference is experienced between the first and second layer. This
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maximum temperature difference is higher for higher aspect-ratio
( H/L ) cases with the same total liquid layer Thicxness( L ).

The analysis of the results shows that the isothermal
assumption can be considered good at least for the four examined
cases. The ratio of conductivity at interface 1 exceeds values
of about 7.5 in any of the four cases in about one minute from the
onset of the flow and reaches values of the order of 50 or more
in the next one or two minutes. The almost equal temperatures of
the second and third layer is evident from both the small values

of the Rayleigh number Ra,. and the very high values of the ratio of

conductivity at interface22. The energy transfer across this inter-—
face is actually determined by convection.

The wide gpread of points in the fourth case, especially
for interface 2 where it is very difficult to see the pattern of
the ratio of conductivity (ﬁef/ﬁ)2 with the time, is atiributed to
instabilities due to high convergence criteria limits. However,
these instabilities are not sufficient to lead to divergence in
the solution of the system of difference equations in the next time
steps.

The present numerical analysis has not led to numerical
prediction of the ratio of conductivity (Hef/ﬂ) at both interfaces
1 and 2, under the usual conditions encountered in solar energy
applications of the transwall system. However, it has supplied
evidence on the order of magnitude of this ratio. Obviously, more
numerical effort is needed to express this ratio (ﬂef/ﬂ) at any
interface, as function of the appropriate Rayleigh number, aspect
ratio (H/L), type and intensity of insolation and various liquid
properties.

The difference between convection induced by absorption of
solar radiation and convection due only to temperature differences
between the bulk of the liquid and the glass surfaces should also
be established in a quantitative way. Finally, the importance of
the 3-dimensional absorption of sclar radiation ghould also be
examined against the l-dimensional absorption which has been

adopted in the present analysis.
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3.3 EXAMPLES OF THE NUMERICAL PREDICTION QF THE VELQCITY,
PRESSURE AND TEMPERATURE FIELD.

These examples are referred to the flow inside the transwall
modules of cases 1, 2 and ét defined in the previous section, pages
163 to 167. At present only the velocity, pressure and temperature
fields in the central plane xz are given (Fig. 3.34 to Fig.3.38).

In Fig. 3.34 and 3.35 the real dimensions of the control
volumes in the central xz plane are given for case 1. Only the
components of velocity normal to the interfaces of the control
volumes are shown, which are the components of velocity along the
x and z directions. The length of each vector represents the
relative value of the velocity component. It is quite easy to
understand the flow pattern from Fig. 3.34 and 3.35 at the three
different time instants, 20th, 90th and 160th seconds after the
onset of the flow. The following points for the flow pattern at
the three different time instants of case 1 are worthy of
stressing: The boundary layer thickness for the 20th instant is
almost constant along the z direction (of the order of magnitude
of about 1.5cm). The boundary layer is defined here as the liquid
region near the front-glass plate of the module in which the liquid
velocity changes from zero value at the glass-liquid interface to
zero inside the liquid. The boundary layer seems to be slightly
wider in the middle of the transwall height. The predicted maximum
velocity component along the z direction is about 0.04 cm/s, and
occurs at about 7.9 cm distance from the o0il bottom. For the
90th time instant, the boundary layer thickness becomes slightly
thinner at the bottom of the transwall module but much thicker
at the top of the transwall module (about 2.7 cm at a distance
of about 3.95 cm from the oil layer bottom). At the right
bottom of the transwall module a weak second circulation of the
liquid is evident. For the 90th second the predicted maximum
velocity component along the z direction occurs qt slightly higher
position than that of the 20th second with a value of about
0.39 cm/s. The acceleration of the circulation of the fluid will
stop after about three seconds. The rate of deceleration will be
lower than the experienced rate of acceleration and leads to a
predicted maximum velocity component along the z direction of about
0.27 cm/s at the 160th second, at about the same position as
previously. The boundary layer pattern remains the same as for
the 90th second but the thickness is smaller. This has been

predicted to be about 1.2 cm at a distance of about 20 cm and

+ game dimensicns apurt from the varying water hei%h't.
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about 2.4 cm at a distance of about 3.95 cm from the oil layer
bottom. The second circulation of the liquid is much more
enhanced at the 160th second.

In Fig.3.37, the components of velocity along the x
and z directions in the central xz plane are also given for the
second and third case. The dimension of the control volumes
along the z direction in Fig.?3.37 do not represent the real
dimension. It is obvious that the flow pattern, referred to
the 200th second after the onset of the flow for both cases, is
almost identical to that of the 160th second of the first case.
The predicted maximum velocity component along the z direction is
about 0.38 cm/s in the second case and about 0.49 cm/s in the
third case for the 200th second. The position of the maximum
velocity component along the z direction is predicted to occur
at about 14 cm in the second case and at about 19 cm in the
third case from the bottom of the oil layer.

The numbers written in each control volume of Fig.2.34,
2.35 and 3.37 represent predicted relative values of pressure in
gr*cm/cmz* 52.

The temperature variation along the x direction for six
different heights on the central xz plane is given in Fig.3.36
for the first case and in Fig.?3.38 for the second and third
case. These heights are actually the heights of the rows of
nodesalmqfhexdirection on the central xz plane. As can be
seen from Fig.2.36 the nodes of the same x co-ordinate at the 20 ¥sec. have
almost the same temperature. As the time passes the top liquid
layers have higher and higher temperatures compared with the
lower liquid layers. This finally results in the situation where
the temperature difference along the z axis is larger than the
temperature difference along the x axis (Fig.2.36 and Fig.3.38).
From Fig.3.38, it is easily seen that this temperature difference
along the z direction increases as the aspect ratio of the
transwall module increases. The temperature pattern along the
x—axis is established after a certain time from the onset of the
liquid circulation and is shown for the 160th sec. of the first
case and for the 200th sec. of the second and third case. The

pattern is almost identical in every case.
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3.4 MEASUREMENTS OF TEMPERATURE AND VELOCiTY

An experimental rig has been constructed in M,E.R.A.,
University of Glasgow, for indoor testing of small transwall
modules. The modules are irradiated by a solar simulator.
Experimental evidence was sought to support some of our numerical
predictions and results of the elaborate computing program used
to predict convective effect in a radiation absorbing ligquid. The
basic parts of the experimental rig are shown in Ph. 4,5andé.
3.4.1 The transwall module

The transwall module (No.l,in Ph.4ﬁami®nm&efrom clear float

glass from Pilkington, has the shape given in Fig. 3.9, page 164.

The dimensions of the liquid and the various glass parts are also
given in page 164 - Table 3.1, case 1. This means that the external
dimensions of the module are 8.2 cm, 20.0 cm and 25.0 cm along the

x, ¥y and z direction, respectively. Two plastic rods of about 0.4 cm
diameter and about 16 cm length have been attached on each internal

surface of its two sides along the z direction, as Fig.3.39 shows.

1

The four rods allow another plate

. 20.0em N
I |
E £
: 0 9| ||
N P q o

Plan view of the transwall wmodule Fig.3.39

of about 0.4 cm thickness (along the x direction) and about 20.0 cm
width (along the y direction) to be inserted inside the transwall
module normal to the x direction~middle absorbing glass. Closed
perspex channels were attached to the sides normal to the y direction
to decrease heat losses, as shown in Fig. 3.39.

3.4.2 The supporting system

The transwall module was secured to a thick sheet of perspex
screwed to a handy angle frame capable of tilting the transwall if
so required.

Thermocouples and cathode rods’ enter the open transwall and
are secured in position by the following method. Each passes
through an external screwed brass tube carrying collars. The tubes
are clamped onto a slotted plate and a wedge washer rctated to

provide a varying inclination (See Fig. 3.40 aund Ph.6).

+ required for thymol Llue technique,section 3.4.5,
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Fig.3.41
3.4.3 The Solar Simulator

The transwall module is irradiated by a solar simulator,
constructed to produce direct radiation with spectrum of air-mass
2 (see Ph.7 , Ph.8 and Ph.9 ). It is a simulator of lamp-lens
combination, with twelve ELH Quartzline projector lamps with
dichroic reflectors mounted on an 0.32 cm thick aluminium sheet,
76.2 cm by 76.2 cm with round holes for the lamps. The twelve
Fresnel lenses are mounted on a 1.91 cm thick plywood sheet,

76.2 cm by 76.2 cm with hexagonal holes for the lenses. The
distance € between-the lamp and lens mounting sheets, being

parallel to each other, can be varied by the four threaded rods and
their accompanying washers and nuts, as can be seen in Ph. 7

and Ph.8. Fig.3 and Fig.4 of Appendix P give details of the
aluminium lamp-mounting sheet and the lens-—-mounting sheet,
respectively.

Power to the lamps, each of which is rated at 120 volts,
300 watts is supplied by a triple-ganged Variac transformer
(Ph.5 and Ph.7 ). Only two windings are used, each supplying six
of the lamps connected in parallel. The use of the transformer is
necessary to lengthen the life of these lamps by controlling the
voltage. The total power of the sgimulator is 3.5 KWatts and
provision has been made for cooling the lamps with air supplied by
two C.F. blowers each of 0.5 hp through a distributor which gives
an almost uniform air distribution over the rear of the lamps
(Ph.7 and Ph. 9). The life of a lamp is directly related to its
applied voltage, the type of cooling and its position (horizontal,
vertical and so on), according to  Yass et.al (33) (73).

As can be seen from Ph. 7, the simulator can easily be
moved to another position by means of its four wheels and secured

by the four jacxs . The need to produce radiation at various angles
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of incidence has led to the particular construction of the simulator
shown in Ph.5 and Ph.7, in which the aluminium lamp -
mounting plate is hung from the two threaded rods of 19 cm diameter.
These threaded rods are 1.65 m high, sufficient to allow for
operation with the lamp-mounting plate horizontal.

The construction of the solar simulator at M.E.R.A. followed
the lines put by Yass et al. (33); (73) and Grimmeret al{74)to ensure
a long term radiation similar to air-mass 2 radiation. Table 3.7
gives the fractioned average radiation produced by the solar
voltage across the lamps. This table was derived from digitisation
of the curves given by Yass et.al(73}after measurements of the radiation
gpectrum of two similar combinations of lens-lamp. The first
combination is referred to voltages of 90, 105 and 120 volts and the
second one to voltages of 101 and 117 volts. The combination lens-
lamp used in the construction of the solar simulator at M.E.R.A. is
the one suggested by Grimmerefal(M)similar to those used by Yass et al.
(73) in respect to the radiation spectrum. A comparison of Table 3.7
with Table 1.2, page 22, reveals that the simulator radiation has
generally a very small ultraviolet portion and an enhanced visible
portion. It can be said that the simulator radiation spectrum at
90 volts voltage is closer to the air-mass 2 spectrum, but for
voltages higher than 101 volts the simulator radiation spectrum is
closer to the air-mass 1 spectrum. As the voltage increases an
enhancement of the visible portion of the simulator radiation occurs
at the expense of the infrared portion. This variation in the
sirmlator radiation spectrum by lowering voltages has an additional
benefit of prolonging lamp life beyond the 35hrs at 120 volis (73).
The change in the output and radiation spectrum of the lens-lamp
combination over a long period of time because of degredation of
both lens and lamp is negligible, according to measurements by
Yass et al. (33), (73). The almost constant output over the whole
life of a lamp has been experienced in the casge of the solar
simulator at M.E.R.A..

Apart from the spectral distribution of the produced radiation,
other essential considerations for the construction of a solar

simulator should be the average total irradiance on the test plane,
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the uniformity of the total irradiance, the volume uniformity and
the subtense angle of the produced radiation. These considerations
have been dealt with by Paparsenos (75) in "Optimization of solar
simulators", (Appendix P), in which a theoretical analysis has been
presented for the optimization of solar simulators consisting of N
light sources positioned at N different positions on a mounting
plane at distance d from the test plane. The theoretical analysis
employs the integer programming method of operation research to give
the optimum answers to the considerations mentioned above. The
improvement in the uniformity of total irradiance over a specified
area of the test plane produced by a specified solar simulator can be
achieved by an appropriate positioning of the available lamps on the
mounting plane. Thus the difficulty and cost of improving the
uniformity by varying the lamp output can be bypassed. On the other
hand, the tedium of trial and error lamp arrangement or the
expensive of replacing lamps, that are exceptionally bright or dim,
is eliminated. The application of the method requires the knowledge
of two quantities (1). The relative radiant output of each lamp,
Rv’ v = 1 to N. (2) The distribution of irradiance in the test plane
from each light source v, fv(x), v = 1L to N and x the distance from
the point x = 0, that is the projection of the centre of light
source v on the test plane. Fig.4 of Appendix P gives the measured
relative irradiance of twelve lamps as functions of the lamp
voltages. Fig.S of Appendix P, gives two typical irradiance
distributionsF(i), as functions of the distance x, normalized at

x = 0. These two distributions correspond to two cases of the lamp-
lens combination used in the solar simulator at M.E.R.A. with
different distances between the two mounting planes € and between
the lens-mounting plane and the test plane d.

The computing programs based on the theoretical analysis,
use the HO2BAF NAG subroutine to solve the integer programming
problem. Because the present integer programming problem is actually
a Knapsak problem (with solution only 1 or 0) another computing
subroutine was developed based on the algorithwby Kucharczyk (76},
that solves the Knapsak problem. Unfortunately the new subroutine
required so much more computing time than the HO2BAF NAG subroutine
so that it was abandoned. However, a disadvantage in using the
HO2BAF NAG subroutine was experienced for the particular magnitude

of the relative radiant output of the light sources (lamp + lens)
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used in the M.E.R.A. solar simulator for number of twelve (N = 12)
light sources and positions and number of twenty five (K = 25)
points on the test-plane: the maximum integer number of the
machine was exceeded as the process of the theoretical analysis
approached the optimum scolution. As a result it was necessary to
resort to a higher maximum integer number of the machine with the
consequence of a much longer computing time. Again the new sub-
routine of the Knapsak problem seemed to require much more computing
time.

The experimental verification of the theoretical analysis
which wags achieved using the M.E.R. A. solar simulator was very
satisfactory. Some of these results are presented in Appendix P .
Fig.3.42 and Fig.3.43 give an optical representation of the
predicted and measured results on total irradiance of Table 1 of
Appendix P . The second case with distances f = 35 cm and
d = 270 cm gives better optimum uniformity of the total irradiance
over the hexagon area of about O.Sm2 of the test plane in compariscn
with the first case with distances €= 29 cm and d = 340 cm, for
both predicted and measured values. The optimum uniformity, in
both cases, is achieved by the same positioning of the available
twelve lamps. For the second case smaller subtence angles are also
predicted but the average total irradiance igs smaller than for the
first case {average measured values, 468 W/m2 for the first case

and 413 W/m2 for the second case).

Table 3.7
Fractioned average radiation produced by the solar simulator.

(Total radiation = 1.0)

wavelength Voltage, volts

band

pom 90 101 105 117 120

0.3 + 0.35 0.0 0.0 0.0 0.0 0.0 ) ultraviolet

0.35 + 0.4 0.004 0.002 0.008 0.005 0.008)

0.4 + 0.6 0.204  0.237 0.232 0.251 0.258) ., .
visible

0.6 + 0.75 0.336 0.298 0.350 0.335 0.352)

0.75 + 0.9 0.174 0.139 0.17¢C 0.151 0.170) near

0.9 + 1.2 0.119 0.124 0.106 0.106 0.097) infrared

1.2 = 2.1 0.163 0.188 0.134 0.149 0.115) infrared

2.1 = 4.1 0.012 0.004 )




201

NE._:S Q0E STWTW S3ujer Jeal 238  + UM SomTBA 24y

"SaneA

SONVIOYHYI VI0L

o= BB & yImm SINTBA DU

+ Q3LJI0RId ONV  *  O3HNSYINW
£v°¢ *DId

3NY1d 1631 NO GINIGCd

S¢ ¢ 02 81 9L %1 21 0L & 9 % 271
{ B S S e I S S B S N B S R S i IS S R S R R R
++ ++
£ +
+
L+ + o+ ¥ + + ++
+
. + . . + +
T +
* *
A . .
* .t
L+ . * . *
*
* * 0.0 .
T . . 00 *
*
S17704 £7201=A Ko O¥e=F WJ &2=9
NN NS NN FUR U W WS S (R NN TOUS WORNE SN SON N U N U MU WO SN N A O |

s

001

0si

002

ose

0oe

0se

0o%

0sy

00s

055

009

/R SONVIOVIRIT “Ivi0L  JAILVR

uE\B O0E SNUIW SaM[BA [B3AX B3I 4+ YIIim  SBNTBA 2y
.mij.ﬂuxr Hmwuﬂ 248 * L&LZ{ mwj..m.m? m&.._l
JONYIOYMYNI T¥10L + (0310103Md ONY * (O3uNsy3W
S¥°e "Dld
IVld 1631 NGO SINIOd
=74 ¢c 02 8l 91 #1 21 0l 8 ¢ ¥ 2%
| 1 LI L 1] 1 L 1 ] t 1 1 ¥ 1 13 ] ¥ | ] 1 ] 1 [ L
L + + + +
I + * +
+ *
-+
i + + +
+ + .
- e
*
i Ve
SaiY1 FHL *r., .
SS0MOY JOVITOA A H .
L . *
awd | ° t .. *
1631 GNY  SNTT . M
NTEMLE TNVISIO P .t
0.0 +
N L
anvid M
ENTT ONV dWYT | 5104 92010 W3 02=P WD 5= 3 ..
NISKISE 3ONVISIG 2 © 4 0 0 v b0 0 0oao g3ty b o3 b33 44

001

0si

0Ge

052

00g

0se

6oy

0sy

00s

0ss

009

SONYIOVIMT "VIOL 3ATLYIEM

W/




202

3.4.4 Temperature measurements

The thermocouples, used for the temperature measurements inside
the transwall module, were constructed from P.T.F.E. insulated
chromel—-alumel wires of 0.2 mm diameter. The wires were passed
through a twin-bore ceramic tube 1 mm o.d. inserted in and attached
to a single-beore ceramic tube 2 mm o.d., which in turn was attached

to a brass tube 6.3 mm o.d. again by Araldite (see also Fig.3.41 ,

page 196).
L 23 ewm 23cm i0.2em |
- y y
y | ———
L= | P
A |
Fig.3 .44
Calibration

The thermocouples were calibrated against a Tinsley platinum
resistance thermometer (number207258) the resistance of which was
measured by an 8 decade Tinsley A/C Bridge, model 5650. The voltage
output of each thermocouple was measured by a digital voltmeter,
Solatron model 7045 which was calibrated against a D.C. voltage
standard, Time Electronics model 2003 whose accuracy in turn was
checked against N.P.L. calibrated standard cells via a Tinsley
"'gspecial order'" potentiometer type 5205A.

The calibration of the thermocouples was performed using a
calibrated triple point cell and a controlled temperature paraffin
bath for temperatures from lSOC to 3500. The temperature variation
at every temperature in this range was of O.OlOC order of magnitude.
To overcome possible temperature difference between the resistance
thermometer and the thermocouples these were inserted into drilled
holes in an aluminium cylinder block of 7.5 cm diameter and 12.6 cm
length, placed inside the paraffin bath. Five readings were taken
at each temperature for the resistance thermometer and each thermo-
couple. Applying the least square technique, calibration polynomials
of the type t = A*E2 + BxE were formed for each thermocouple (t:
temperature in °¢ and E: voltage output in mvolts).

Measurements

Each thermocouple was connected to the digital volt meter
(No.8 in Ph.%* )via a Cropico SP2 selector switch (No.7 , in Ph.4).
Successively, every five seconds, the voltage output of each
thermocouple was recorded. Five seconds after the last thermocouple

voltage recording, the voltage output of a Kipp pyranometer (No.g in
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Ph.4 ) was recorded by the same digital voltmeter

at a point close to the transwall module. The relationship between
the radiation intensity at the pyranometer position and at various
positions of the front plane of the transwall module was established
by a number of measurements of the radiation intensity before the
beginning of the experiments. Each cycle of the thermocouples
voltage output recording lasted ninety seconds. Two of the thermo-
couples measured the temperature of the air of the laboratory room
(No. 9 and No.10 in Ph.6 ), activated by a temperature sensor,
placed about two meters distance from the transwall module. The
type of temperature variation of the room air during the experiments
is shown in Fig.3.46,248,350,3.52,354 and356. It isclear from the figures
that it was difficult to establish a predetermined, almost constant,

air temperature.

%he numerical prediction of the flow inside the various
transwall modules has shown that a certain time after the onset of
the flow, the temperature pattern along the x axis (along the small
dimension of the transwall module) remains almost unchanged.
Fﬁ%3AfSSMWsthe predicted pattern of temperature along the x axis at
different height ratios, (Z/H), for a vertical transwall module of
L = 7.4 cm dimension along the x axis (Z is the height of the plane of measurements
from the bottom of the module and H 1is the total height of the liquid
in the medule). Fig.3.45 1is valid for the three cases with
different aspect ratio, (H/L), 3.21, 6.41 and 8.11, examined
numerically in section3.24. This means that the aspect ratio, at
least for the examined cases, is not a critical factor in determining
the temperature pattern along the x-axis. This also holds for small
variations ( ~t12%) of the average value of the intensity of the
incident radiation (440 Wi?).

The almost unchanged character of the temperature pattern
along the x-axis is evident from measurements as well, as Fig.3.47,349,3.51,
353,3.55 and 357 show. This fact suggested comparisons between the
predicted and measured temperature patterns along the x—axis on the
bagis of similar height ratios, (Z/H). These comparisons could be
considered as an indirect verification of the numerical prediction
of the flow inside the transwall modules. The heat fluxes between
the air and the outside glass surfaces of the transwall module
encountered in some of the experiments are much higher than those

used in the numerical analysis. The importance of this on the
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temperature pattern has not yet been examined. There is evidence,
(Fig.3.47, 850 secs curve) that indicates a difference in tempera-
ture pattern occurring for a substantial change in outside tempera-
ture conditions. Thus, the following discussion on the comparison
of predicted and measured temperature patterns along the x axis
should be seen under these limits of knowledge.

The four pairs of fiqures (3.46,3.47),(3.48,3.49),(350,351) and (3.52,2.53)
are referred to the case of the transwall module filled with
distilled water. The average received radiation, the aspect ratio
and the height ratio are shown in each of these figures.

Fig.3.%4 and Fig.3.55 are referred to the franswall module
filled with a strong solution of thymol blue in distilled water
and an average received radiation of 364 W/mg. The measurements
were baken at a height ratio of 0.80. The aspect ratio was 2.97.

Fig.3.56 and rig.3.57 are referred to the transwall module
with Antisun glass plate as middle absorbing glass, filled with
distilled wabter and an average received radiation of 363 W/m2.

The measurements were taken at a height ratio of 0.42. The tempera-
ture pattern concerns only the front part of the liquid of the
module in respect to the incoming radiation from the solar
gimulator. The aspect ratio of this part was 6.63.

The radiation absorption effect on the thermocouples
response has been taken into account in the abovementiocned figures
(from Fig.3.46 to Fig. 357 ). This is achieved by subtracking the

the voltage of O.Oolhee_s's*X mvolts in the cases of the distilled

water and the voltage of O.(}OA,%e_ﬁ"S*X mvolts in the case of the
thymol blue solution from the voltage output of each thermocouple.
(X is the distance of the thermocouple, in cm, from the inside
surface of the front glass of the transwall module). The radiation
effect corrections are simplified expressions of preliminary
experimental evidence. The actual expression may be critical on the
temperature pattern near the front glass. For example a correction
of axe 08X Luolts for distilled water (where, A = 0.0085, if X = 0
and A = 0.0025 if X > 0) gives temperature patterns closer to those
of Fig. 3.45 than the voltage correction of 0-004%6_3.3*X'
For the first case of the transwall module with distilled
water, it is easy to see that the temperature pattern of Fig. 3.47
3.49 and 3.53 is similar to the predicted temperature pattern which
would resgult from an interpolation between the appropriate curves of

Fig. 3.45 , at (Z/H) = 0.11, (Z/H) = 0.28 and (Z/H) = 0.88 respectively.
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A difference in the pattern about the distance of X = 1 cm could
be attributed to a false radiation effect correction. The
temperaturs pattern of Fig.3.51 for height ratio, (Z/H) = 0.57,

is different from the predicted of Fig. 345, at (Z/H) = 0.58. A
different radiation effect correction, A*e“0°8%x’ mentioned before,
improves the pattern, as Fig. 3.58 shows.

Although in the second case the transwall module is filled
with thymol blue instead of distilled water (Fig.3.55), a comparison
can be made on the assumption that the higher absorptance of the
thymol blue is not so important as to change the flow pattern inside
the transwall module. It is easy to see that the temperature
pattern of Fig. 3.55 is close to the predicted temperature pattern
which would result from a kind of interpolation of the curves
(z/H) = 0.75 and (Z/H) = 0.92 of Fig.3.45, at (Z/H) = 0.80.

The comparison of the curves of Fig. 357, third case, for
which the height ratio is (Z/H) = 0.42 with the predicted temperature
patterns of Fig. 3.45, shows that the most similar temperature pattern
is that with (Z/H) = 0.75. This slight change of pattern may be
attributed to two reasons. a) the dimension along the x direction
is L = 3.5 cm in the third case, b) the middle absorbing glass
plate absorbs a higher fraction of radiation than the back glass of

the transwall module without the absorbing middle glass plate.

i [ ¥ T T ¥ T
\\
\\\m§
"'“~~-«4.‘“ (Z/l'ﬁ =0.92 T
\/ /‘“‘“‘“M—--—,__(ym 20.75
¢ (Z/H =0.58
w e |
S ‘ (2/H) =0, 42
= a
- \__/ S—
a L \\\ (Z/H) =0.25
*® \.MN —h_w/"/m
w o (Z/H) 0. 08
| { 1 1 i 1 {
0 i 2 3 4 5 6 7

DISTANCEALONG THE X-AXIS CM

MEASURED FROM THE INSIDE SURFACE OF THE FRONT GLASS OF THE MODULE
FIG., 3.45
TEMPERATURE VARIATION ALONG THE X-AXIS (Predicted)
Z IS THE HEIGHT OF A PLANE FROM THE 80TTOM OF THE MODULE.
H IS THE HEIGHT OF THE LIQUID LAYER (Total).
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FIG. 3.58
TEMPERATURE MEASUREMENTS AT (Z/H) =0.57 H/L)=3.10 ,L=7.4 CM

Determination of the position of the thermocouple junction.

The position of the thermocouple junction is determined as the
intersection point of three planes. Each plane is calculated from
cathetometer sighting and contains the thermocouple junction and the
telescope vector after being twice refracted at the air-glass and the
glass—-liquid interfaces. The telescope vector before its first
refraction at the air-glass interface is normal to the telescope scale
as it is shown in Fig. 3.59. The horizontal plane passing through the
Junction is determined from a sighting by the telescope in which the
scale of the telescope should be in a vertical position. Because it
is quite difficult to position the cathetometer scale parallel to the
outside surfaces of the transwall mocdule and, at the same time,
maintain the horizontal position, another approach is adopted to
determine the intersection line of the remaining two planes. This

approach is shown in Fig. 3.59.
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The cathetometer scale, being in a horizontal position,
forms an angle ¢ with the front surfaces and, successively, an
angle B with the side surfaces of the transwall module. The
distance OX and OY of the intersection line (shown with the
asterisk M in Fig. 3.59) from the inside front surface and the
inside side surface, respectively, are given by the following

relations (corresponding to the relative positions of Fig. 3.59).

0X = (0TI + OJ = tan92')/(1 - (tanB2 ) tan@zl) (3.52)
oY = (0J - O = tan@zh)/(l + (tanB2 ) * tanq;2 ) (3.53)
where the angles @2 and 92 arc calculated from the following
relations:

sin§2 = (sing) » na/nW

sinB2 = (sinB) = na/nw

where n and n_are the refraction indicesof air and water respectively.
The distances 0I and OJ are calculated from the following relations:

0I = 0212/0039

oJ = OlJl/cos§

where 0212 and OlJl are rcading differences in the telescope scale.
Because the distances AB and AD are known, the angles ¢ and ©

are calculated from the following relations:

cos¢ = AlBl/AB

cosb = A2D2/AD




214

where A B. and A2D are reading differences in the telescope

171 2

scale.

The signs of relations (352} and (353) depend on the
relative position of the telescope vectors in respect to side and
front surfaces. Inaccuracies in calculating the co-ordinates
OX and QY are larger for the position of the cathetometer which

produces negative signs in the two denominators.

3.4.% Velocity measurements

The velocity at certain points of the liquid of the

transwall module is measured by using the thymol blue technique.

Extensive description of the technique is given by Merzkirch (77),
where some difficulties experienced during the application of the
technique are also discussed. The ligquid should be solution of
thymol blue dye in distilled water, which is a pH indicator that
turns its mainly yellow colour to blue when its pH becomes
higher than 8, the titration point of thymol blue. Two electrodes
are introduced inside the liquid. The cathode is a thin straight
wire placed in the regime of flow to be measured. Applying a d-c
voltage between the electrodes, the liguid turns its yellow colour
to blue around the naked spots of the cathode because 1t becomes
more alkaline with pH higher than 8 at these areas. The blue
spots formed this way are swept downstream by the flow, the
velocity of which is measured by photographing them. The
technique is appropriate for low-gspeed liguid flows and especially
for flows exhibiting density differences, since there is no density
difference between the blue and yellow thymol blue.

Owing to the electrolytic reaction H2 is produced at the
cathode. The rate of hydrogen production should be kept low enough
in order to avoid the formation of hydrogen bubles. This means
that the voltage applied between the electrodes should be low.

In the case of the velocity measurements at the small transwall
module a third reference electrode,Pye Unicam cat.303,was used and the
alkalinity of the cathode was controlled by a potentionstat,

Hermes Controls model 1, (No.1l in Ph.4,5and5).As can be seen from
these photographs the reference electrode was located in a separate
beaker in order not to disturb the flow pattern of the transwall
module. Continuity between the thymol blue of the transwall module

and of the beaker was maintained via a plastic pipe.
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It was noticed that the bubble production almost always
started and remained stronger at the edges of the naked spots of
the varnished cathode? The blue lines themselves were stronger
at the edges. This is evident from the photographs of pages 225
to 230. The length of the naked spots seemed also to be important;
with the bubble production being stronger at the shorter naked
spots of the cathode. The position of the anode inside the liquid
was important not only in the formation of the bubbles themselves
but of irregular blue lines around the cathode. This was
experienced by Buzyna et al (78) as well. The arrangement of
introducing the anode about one centimeter in length inside the
liquid substantially improved the situation.

Keeping a low voltage to avoid the formation of hydrogen
bubbles is in conflict with the desire to produce strong blue
lines in contrast to the surrounding yellow liquid which would help
to improve the photographic results. The strength of the blue
lines increases with the strength of the solution of thymol blue
and the area of the naked spots of the cathode normal to it and
decreases with the diffusion of the blue solution to the surround-
ing yellow solution. The rate of diffusion increases with the
mean velocity of the flow and the difference of the pH between
the blue and yellow thymol blue. The yellow colour of the low pH
(~5.5) thymol blue does not turn spontaneously to blue colour
at the titration point of 8 pH. Instead, there is a gradual
change of the yellow colour to reddish colour as the pH approaches
the titration point with a simultaneous weaker contrast between
the blue lines and the rest of the liquid. This is easily shown
in Fig.3.61 which is referred to four different pHs of a thymol
blue solution of W*= 0.0003556 Kg of thymol blue/Kg of water
strength. In this respect there ig a conflict in decreasing the
diffusion of the blue lines and in maintaining theilr contrast with
the surrounding liquid. The initial attempts to produce streak
lines that would fill the whole cell was abandoned because slow
diffuse of the blue spots was obtained only at pH values very
close to the titration point where the contrast was too weak to
produce satisfactory photographic results. Furthermore, it has been
found that the gradual colour change and therefore the weakening
of the contrast starts from lower pH values as the strength of

the solution of the thymol blue increases. As far as the diameter

+ See 'Table 2.8 for cathode details.
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of the cathode and therefore the area of the naked spots normal
to the cathode is concerned, this should be kept small to limit
the change of the flow pattern because of the presence of the
cathode. A trial and error approach led to the adoption of two
types of cathodes which gave satisfactory results for thymol blue
solutions of 0.005 to 0.04 Kg thymol blue/Kg distilled water.

The dimensions of the two>cathodes and other relevant information
is given in Table 3.8 . The anode was made from copper plate of
lem width and 0.5mm thickness and was introduced about lcm inside
the liquid of the transwall module. Nail varnish was used for

the cathode insulation.

Table 3.8

Material and dimensions of the electrodes
naked distance voltage order

material length naked spots between between of

EEZ;iter length naked elec- magni-
spots trodes tude
of
current
long copper 176 mm 0.152mm Amm 18mm 3 volts 250 pA
electrode
short copper 24mm  0.152mm  O.5mm 6.5 mm 3 volts 30 pA
electrode

In addition to the abovementioned difficulties, the
reflection of the radiation by the transwall module back to the
cameras decreased further the effective contrast. Thig was
partially overcome by the introduction of two illuminating systems,
placed opposite to the cameras on the far sgide of the transwall
module. These two illuminating systems are shown in photograph 4
(No.12 and No.13 ). Their design is such that the radiation of
the illuminating source is directed onto a diffusing glass plate
opposite and parallel to the transwall module. Fig.3.60 ghows a
plan view of the illuminating systems, the cameras, the transwall

module and the solar simulator.
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Two openings at the bottom and top of the illuminating systems
allow for the cooling of the illumination sources by natural
convection. The source of system 2 consisted of two filament
lamps of 200 watts each. The source of system 1 is a 250 W
MBI/BU Metal-Halide Thalium lamp.

As Fig. 3.61 shows, the highest contrast is expected in
the spectral regions from 0.4 to 0.47 um (Blue region) and from
0.51 to 0.63 pm (green and yellow region). The two different
illuminating sources were chosen to accommodate this, although
there was an uncertainty over the real spectrum of the illuminating
systems due to lack of knowledge over the spectral properties of
their diffusing glass plate.

The change of the flow pattern inside the transwall
module because of the two illuminating systems is expected to be
small - almost negligible with the solar simulator in operation.
The measured average irradiance from illumination system 1
was 17 watts/m2 at the transwall module side at distance sl = 27cm
from illuminating system 1. The measured average irradiance
from illumination system 2 was 25 watts/m2 at the transwall module
back side at distance g2 = 1.5 m from illuminating system 2.

Photographs were taken by both cameras (see Fig. 3.60) at
the same instant. The activation of the cameras was performed
manually. Camera 2 was a Canon AT-1 model with a 200mm, 1:3.5
Auto Tamron telescope lens. Camera 1 was a Canon FT-b model
with a 50mm FD Canon and a 52mm Hoya Close-up lens. 8Six pairs of
photographs are shown in pp.221 to 226, each pair corresponding to
a certain instant. The first three pairs refer to the cooling of the
transwall module by the cooler air of the laboratory without any
radiation coming from the solar simulator. The average temperatures
of the liquid and the surrounding air were 15.4°C and 12.300,
respectively. The operation of the sclar simulator started 290 secs
(1800th sec) after the third shooting with an almost constant
radiation output of about 370 W/m2. The last three pairs of photo-
graphs were taken at the 2350th sSec, 2362nd sec and 2375th sec,
respectively. The average temperatures of the liquid and the
surrounding air were 17.5°C and 13.200, respectively, 45 seconds
before the fourth shooting. The solution of thymol blue in water
had a strength of 0.0001 Kg thymol blue/Kg of water and a pH value
of 6.7.
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Calculation of the three co-ordinates X, Y and Z

(in respect to a constant rectangular system 0.XYZ of axes)

of a point inside the ligquid of the transwall module from the

pair of photographs taken by the two cameras at the same instant.

Each point on a photograph is determined by the two

co-ordinates a, and bl’ in respect to a constant cartesian system

1

Ol.ab of axes on the plane of the photograph.

a

1
al = Cal*Xnalx *Ynaly*znalz
bl - Cbl*anlx *anly%znblz

and bl can be expressed by the following relations:

Each co-ordinate

that imply that each co-ordinate is a function of the three

co—ordinates X, Y and Z. Additionally other factors, for example,

the magnification of the camera and printing apparatus, the

refraction indices of the air, the glass and the liquid, etc., are

expressed via the constants and the exponents of the above

relations.

The knowledge of the co-ordinates (Xi, Yi, Zi) of four

points of the photograph allows for the calculation of the

constant and the three exponents of each relation, from the systems

of four linear equations:

nalx*ln(xi) + naly*ln(Yi)

and nblx*ln(Xi) + nbly*ln(Yi)

where, Ka, = 1n(Ca1) Kb

1 1

and {na x,na,y,na

1 1

+

o+

11

nalz*ln(zl) + Kal

nblz*ln(21) + Kbl

1n(Cbl)

unknown of each system of equations, respectively.

1l

ln(ali), i=l to 4
ln(bli), i=1l to 4

z,Kal)or (nblx,nbly,nbiz,Kbl)are the four

The four known

points (Xi, Yi, Zi), i =1 to 4 are chosen in the region of the

focus of the photograph. In the present analysis the method used

for the calculation of the position of the junctions of the thermocou-

ples, has been adopted for the calculation of the co-ordinates

(Xi, Yi, Zi) of these four points.

Chosing as the origin 0 of the

axes of the 3-dimensional rectangular system of co—ordinates 0.XYZ

the common point of the three internal glass surfaces that is closer

to both cameras (see Fig.3.665 and at the bottom of the liquid of

the transwall module, Table 3.9 gives the co-ordinates of eight

points (shown in photograph 11 )

+ see also Ph.6 , page 194
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Table 3.9

The co-ordinates of the known points

Point 1 2 3 4 5 6 7 8
(See

Ph.11) )

X in cm 0.62 0.19 2.47 2.01 0.79 0.16 2.28 1.50
Y in cm 15.19 14.22 12.84 13.12 10.47 9.10 7.51 8.25
Z in cm 11.49 6.25 6.24 6.20 14.31 8.95 9.14 9.05

Table 3.10 has been constructed according to the above analysis.
The results of this table and those of the consequent tables are based
on the first printed group of negatives. The photographs presented in
this thesis have been printed with a different magnification of the

printing apparatus.

Table 3.10
Pair of photographs 1 2 3 4 5 6
Time instant in secs 1470 1490 1510 2350 2362 2375
Points from Table 3.9

used 1, 2, 3 and 4 5, 6, 7 and 8
photographs nalx -0.123 -0.126 -0.120 ~0.056 -0.051 -0.051
taken na,y 0.257 0.280 0.262 1.454 1.488 1.487
with na,z 0.062 0.061 0.063 -0.509 -0.558 -0.570
camera 1 Cal 3.438 161 3.391 1.074 1.131 1.164

3.
nblx 0.026 0.030 0.020 -0.010 -0.006 -0.019
nbly 0.988 1.226 0.727 -0.537 -0.269 -0.510
nblz l.281 1.571 0.919 2.436 1.717 2.198
0.

Cb U.033

1 007 0.198 0.068 0.301 0.128

Points from Table 3.9

used 1, 2, 3 and 6 3, b, 6 and 7
photographs na,x -0.012 -0.012 =~0.012 -0.044 -0.043 -0.038
taken na,y 1.528 1.565 1.513 1.829 1.853 1.813
with na,z 0.027 0.047 0.034 0.072 0.107 0.099
camera 2 Ca2 0.171 0.146 0.177 0.074 0.065 0.074

nb2x 0.004 0.006 0.003 0.011 0.005 0.002
nb2y ~-0.142 -0.133 =0.135 0.011 -0.053 -0.107
nbzz 1.165 0.968 1.068 1.163 1.288 1.430
Cb, 0.747 1.342 0.985 0.583 0.458 0.335
Note: The letter a is referred to the short dimension of the

photographs and letter b to the long (cartesian system 0Ol.ab)
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4 lJ)
and (azj,sz) correspond to each point. The three co-ordinates are

In each pair of photographs, four co-ordinates (alj, b

enough to give the co-ordinates (X, Y, 7Z) of the point in the coordina-
te system 0.XYZ by solving a system of three linear equations, for

example,

!

a — : -
na X * Sx + na,;y * Sy + na,;z % Sz ln(alJ) 1n(Cal)

nblx * SX + nbly * Sy + nblz % Sz = 1n(b13) - 1n(Cb1)

na X Sx + na,y Sy + na,z x Sz = ln(agg) - 1n(ca2)

where, Sx, Sy, Sz the three unknowns of the system of equations.

It is cobvious that,

X = eSX
S

Y ==¢e y -
Sz

Z = e

Calculation of the velocity components

By applying the method to the end point of the blue line,
number 2 (see first pair of photographs) of the first three pairs
of photographs, Table 3.11 is constructed. Similarly, by
applying the method to the end point of the blue lines, number 2
and number 3 (see fourth pair of photographs) of the last three
pairs of photographs, Tables 3.12 and 3.13 are constructed,
respectively. Each Table contains values of the co-ordinates
(X, Y, 2) of\the end point of the blue lines, calculated from two
different sets of co-ordinatesgs on the photographic plane,
(azj,sz,aij) and (azj,alj,blj). A comparison between the results
of the two different sets of co-ordinates is a measure of the
validity of the method. Average values of the velocity components
u, v and w along the axes 0X, OY and 0Z, respectively, are also
given in these tables,3.11,3.12,3.13. These average values are
referred to the time and space points written between brackets in .
these tables. These are actually mid point values.

The values of the velocity components obtained by the present
method are believed to be reasonably consistent within themselves
having due regard to the uncertainties of measurement. When comparea
to the theoretical values predicted in Fig.?2.35 it is seen that
vertical measured velocities tend to be very roughly one quarter of
those of Fig.3.35 . This may seem a wide divergence but it should
be noted that the time lapse from the start of circulation is
different, some 15 minutes, sufficient to allow for stratification
to have some effect. The electrodes will have shielded the flow to

some extent.

+ subseript 4 (2) for pholearaphs tawen with comera 1 (2).
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The differences in values of position and velocity components
by using different sets of co-ordinates of the photographs can mostly
be attributed to inaccuracies in measuring and calculating the co-
ordinates (X, Y, Z) of the known points. Although this is an
inherent disadvantage of the methcd for the accurate prediction of
the velocity components of a 3-dimensional flow, the simplicity in
taking the photographs and "translating'" them compensates to some
extent for this disadvantage.

In the present analysis the following possible errors in the
calculation of the velocity have been ignored; the diffusion of the
blue dye into the surrounding fluid, the presence of the cathode in
the flow or the higher radiation absorption of the blue dye in
comparison with the surrounding fluid. The radiation absorbed by
the thymol blue of O0.lmm thickness, 0.0003556 (Kg of thymol blue/Kg
of water) strength and 9.45 pH Jjust behind a 4mm clear float glass
plate receiving radiation of air-mass 2, is about 16.4% of the total
incident radiation. Respectively, the radiation absorbed by the same
type and thickness thymol blue of 6.98 pH under the same conditions
is about 15.5% of the total incident radiation. This difference
between the blue dye and the surrounding liguid absorption, roughly
1% of the total incident radiation, represents an extreme case. More
moderate differences are expected and according to Fig. 3.61 they
will give smaller difference of radiation absorption between the blue

dye and the surrounding liguid.
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CHAPTER L
FUTURE WORK

The experience gained in this programme of research suggests
that the following aspects could usefully form further areas of
research:
1. The computing program concerning the 3-dimensional laminar
flow inside the transwall module should be refined to use less
computing time and storage. This should include the following
steps:
(a) the exclusion of step (vi)of the procedure solving the whole
set of difference equations. This step means the repetition of
a part of the procedure and its reason was to prevent any divergence
of the whole set because of slow convergence of the sub-sets of

"pressure correction" equations.

momentum and
(b) further investigation of the convergence of the iterative
solution of the "pressure correction"” sub-set of equations. The
direct method of solution has increased very much both storage

and computing time requirements.

(c) adopting the Boussinesq approximation in which the density

of the fluid is consildered constant but the variation of density

is taken into account in the buoyancy term of the momentum
equations. The criteria for the applicability of the Boussinesq
approximation are valid in the case of the transwall flow.

(d) examination of the importance of the temperature dependence

of the other auxiliary variables of the liquid, e.g. the first
coefficient of viscosity u and thethermal conductivity A.  The use

of constant values of these variables at every time interval should
be examined.

Any improvement in the computing program in respect to computer
time requirements would allow a quantitive comparison between the
two modes of the natural convection induced either by absorption of
solar radiation or by temperature differences between the bulk of

the liquid and the glass surfaces.

2. Further application of the numerical method is needed to
establish easily usuable relations of the effective conductivity
of the transwall liguid with a few basic parameters, e.g. Rayleigh
number, aspect ratio, etc. under various irradiance and temperature
conditions. The application should also include the importance

of the 3-dimensionsl radiation absorption of the transwall module,
the surface radiation absorption of the boundary of the convection

region and stratification effects.
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The fitting of the experimental data collected from
measurements of the temperature of a large number of points inside
the transwall module of the test box would allow the calculation
of the effective conductivity for this particular transwall
module. A system of twenty thermocouples at four different and
varying heights of the transwall module has already been constructed
in M.E.R.A.

3. Experimental verification is required for the method of
distributing the solar radiation among the internal surfaces

of an enclosure. This could be cbtained by measuring the incident
radiation on the external surface of the semitransparent element

of the enclosure, the radiation transmitted through this element

and the radiation received by various points of the opaque surfaces,
4,  Further wverification of the analytical modelling of the
transwall passive solar system by using the test~box is needed.

This verification should include more complicated cases e.g.

natural infiltration, ventilation, the inclusion of a controlled
heater, etc. which have not been examined in this work., A

number of uncertainties present in the verification of this work could
be overcome by completing the measured climatological data and
especially by measuring:

(a) the temperatures of more nodes and surfaces than at present

(b) the transmitted radiation through the transwall into the test-
box after the first-strike.

The test—box can be used to model some other passive solar
systems after some minor modifications. This allows the
verification of the analytical modelling to be extended to these
systems as well.,

The experimental data collected from the test-box would be
of additional use, because it would give important evidence of
the thermal performance of an equivalent solar heated room with
transwall under the climatological conditions of West—Scotland.

5. The l-dimensional ray-tracing technique is much easier to
use and less time consuming though less accurate than the
3—-dimensional technique.

A systematic comparison between these techniques in the case
of various transwall or other 3-dimensional solar systems is

needed. This would allow the introduction of correction factors

for the results obtained from the l-dimensional technique.
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6.  Both techniques can be usefully applied to a variety of
transwall modules with one or more outside glass (or plastic)

plates with different optical properties. Although such variations
are not expected to produce major difference from the results
presented in sections 1.2 and 1.4, this would complete the

assessment of the optical performance of the transwall system.

Te The discretization method concerning the diffuse solar

radiation (section 1.3.2a) should be applied to a variety of
commercial glazings and solar collector covers. This will

complete the information about the equivalent angle of incidence

of the isotropic sky and ground diffuse radiation at various tilts
over the horizon given by Duffie et.al. (45). The method can

easily examine Tactors, e.g. anisotropy and spectral composition

of the incident radiation, spectral variation of the optical
properties, ete., the importance of which has not yet been assessed.
8. When the method of distributing the solar radiation among

the semitransparent elements and internal surfaces of an enclosure

is verified, it should be applied to a number of common enclosures.
Some of these common enclosures are given at the beginning of
section 2.2, This distribution would be of use to a successive
thermal analysis of the systems of which the enclosures are part.

9. The resulting analytical modelling of passive solar systems
tested against experiment should be used to compare transwall systems
with different features. For example, systems consisting of modules
with and without some gel agents to stop circulation. Furthermore,
it should be applied to some full size buildings and compared on that

basis with rival passive solar systems, e.g. thermal storage wall.
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Appendix A

A closed-formula example of the l-dimensional ray-tracing

technique with infinite number of internal reflections.

The relations for the calculation of the total reflectance,
transmittance and absorptance of the system of Fig. Al are given

for both directions of the incoming radiation.

ab ,‘o\"w q.rr.L
divection

%ﬂuss h%

Woiteyr h w

Fig. Al,

The system consists of three sub-systems:

1. the boundary surface between air and glass
2, the glass material
3. the boundary surface between glass and water.

The greek letter 0 denotes the angle of incidence or the angle
of refraction.

The subscripts a, g and w are referred to the air, glass and
wabter respectively.

The forward direction is defined as the direction from the
air to the water. The subscrips f and b denote the forward and back-
ward direction respectively.

The properties of the subsystems and the whole system are

defined in the following tables

Table A.1
Properties - Reflectivity , Transmissivity Absorptivity
Direction =+ Forward Backward Forward Backward Forward Backward
Sub-system
i r.(1)  F (1) v.(1) Y (1) A.(1) A (1)
2 Fo.(2) r (1) v.(2) ¥ (2) Ag(2) A (2)
3 F(3)  F,(3) (3 Y.(3) A(3) A (3)
Table A.2
Properties of the system Forward direction  Backward direction
Total reflectance th Ftb
Total transmittance th Ytb
Absorptance of sub-system 2 A A

tf tf
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From the recurrence relations of section 1.1l we obtain the

following relations:

Fos™ Fp +f[F )#Y (L)%Y, (1) /(1 -F(2)*F (l)):l +

(7 (3)#v (Vv (2)x7, (1)s1, (2))/ ((1-F (27, (1))
(l—Ff(Q)*Fb(1)—Ff(3)*Fb(2)+Ff(2)*Ff(3)*Fb(l)*Fb(2)+Ff(3)*Fb(1)%1’f(2)*¥b(2()))1))
A.
Fo= B30+ (F, (2)97,(3)01, (3))/ (17 (3)4F, (2))) +
(F, (L1, (2081 (3)51, (29, (3))/ (T (3)sF, (2)) =
(1—1?f 3)F, (2)-F(2)%F, (1)+F (2)#F.(3 )*Fb(l)%Fb(2)+Ff(3)*Fb(l)*Yf(E)*Yb(E{))))Z)
A.
Y= (()wv (2)0r,(3))/ ((1-F (2)eE, (1) *
(L-F o(2)5F, (1)-F L (3)F (2)4F L(2)¥F(3)aT (1)#F, (2147 (3)#F, (1)w1 (2)#Y, (2)}))
(A.3)
¥o= (1 (L (2)%1, (3))/(@-F(3)#F, (2)) »
(l—Ff(3)~x~Fb(2)—F£(2)*Fb(l)+Ff(2)*Ff(3)*Fb(l)*Fb(2)+Ff(3)*Fb(l)-x-Yf(2)-:{-3{1)(2))))
(a4)
A= [& (1)-Fo(3)0F (2087 (1)-Fy (2)#Y (1)4F(2)#F (3)#F, (2)#Y (1)~
Fo(3)¥Y,(1)%Y(2)#Y, (2)-Y (1)#Y(2)%Y(3))/
(L-Fo(3)4r, (2)-F (2)xF, (1)-F.(3)#F, (1)#¥(2)xY, (2)))
= (92, (2)-FL(3)97,,(1)%7,(2)-Y, (1)#¥(2)%Y (3)) /

(-Fo(2)5F, (1)~F (3)#F, (2)+F(2)sF(3)4F, (1)¥F, (2)-F(3)+F, (1)#Y_(2)1, (2)))
(a.5)
Bm ([, (3)-F ()57, (3)2Y, (3)-F, (2)wY, (3)47 (2)#F, (1)%F, (2)#Y, (3)-

Fb(l)wf(e)*yb(2)*Yb(3)—Yb(1)*Yb(2)wb(3>)/

(1-Fo(3)#F, (2)F (2)#F, (1)-F.(3)xF, (1)2Y (2)Y, (2)))

-, (2)xx, (3)-7, (1)wy, (2)w7, (3)-¥, (1)wy, (2)x7, (3))/
(l—Ff(E)*Fb(l)"Ff(3)*Fb(2)+Ff(2)*Ff(3)*Fb(l)*Fb(E)—Ff(S)*Fb(l)*Yf(Z)*Yb(2)))

(A6)
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The properties of the three subsystems are calculated from the

following relations:

. 2 . .
Ff(l) ) sin (eaf—egf) (A.7) for the component of polarization
Sing(e +8 ) perpendicular to the plane of
af " gf ..
incidence
or tan (6 ) for the component of polarization
F (1) = ot 'gf (4.8)
f tan (6 +6 ) ‘ parallel to the plane of
af “gf inecidence
Ff(2) = 0 (A.9) By definition
sine(e -0 ) for the component of polarization
F(3) = gf wf (A.10) .
f . 2 * perpendicular to the plane of
sin~ (6 f+6 f)
w incidence and § <6
gf “gef
or tan” (e o Wf)
Ff(3) = 5 (A.11) for the component of polarization
tan” (6 f+6wf) perpendicular to the plane of
incidence and 8 < O
incidence a gt Oger
F.(3) = 1 (A.12) for 8 Cucr
(total reflection)
To(1) = 1-F,(1) (A.13) A.(1) =0 (A.16)
Yf(z) = K (according to Bouguer's law)(A.1k4) Af(2) = 1~Yf(2) (A.17)
Te(3) = 1-F,(3) (A.15) A.(3) =0 (A.18)
Similarly .
sin“(0 . ~0 . ) for the component of polarization
F (1) = ab__gb (A.19) .
b - sing(e o ) perpendicular to the plane of
ab ~gb incidence and 6 < 9
or gp g&cb
tan (o ) for the component of polarization
F (1) = ab"’gb (A.20)
b parallel to the plane of
tan (eab+ b)
& incidence and 6 < @
&b &cb
F(l1L)= 1 A2l) for 6 > 8
(1) (8.21) for 8 >0
(total reflection)
F(2Y= o0 (A.22) By definition
sin (e ) for the component of polarization
F (3) = gb” v (4.23) .
b perpendicular to the plane of
sin (6 L0 b)
gb W incidence
or tan (e ) for the component of polarization
F (3) = gb” v (A.24)
b parallel to the plane of
tan (6 b b) .
v incidence
Yb(l) = 1—Fb(1) (A.25) Ab(l) =0 (A.28)
Yb(2) = e K¥t (according to Bouguer's law) (A.26)Ab(2) = l—Yb(2) (A.29)
Y, (3) = 1-F, (3) (A.27) A(3) =0 (A.30)
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According to Snell's law the relations which relate the angles

8 Gg and GW for each direction of the radiation are:
2

sin(ea) o sin(0 ) _ EE.
sin(eg) - n, 5551657'"'ng
where n» ng, n the refractive indices of air, glass and water,
respectively.
Additionally, K is the extinction coefficient of glass
t is the optical path of radiation inside the

glass plate of thickness L, t = L/cos (eg)

egcf’ egcb are the eritical anglesof incidence

for forward and backward direction
of the radiation, respectively.

egcf

. -1
sin [nw/ng] and

6gcb

It should be repeated here, that the values of n_ s ng, n and K

sin—l[na/ng]

can be understood to be spectral or monochoromatic values or they
can be regarded as total gray values.
For the forward direction of the radiation total reflection

never occurs because the angle of incidence 9 at the glass-—

gf
water interface 1s always smaller than the critical wvalue egcf'
Indeed the maximum value of the angle egf occurs for the maximum
angle of incidence at the air-glass interface 6 Thus, if

af*®

of )= sin_lﬂna/ng)*sin(9oo)]

But, because n >n >n
? g W a =

0 _ = 90%> maximum {eg

sin_l[na/ng] < sinhl[nw/ng] =

gf} < egcf

maximum {6
For the backward direction of the radiation total reflection occurs
for angles of incidence egb at the glass-air interface larger than
the critical angle egcb’

For example, for n = 1.0 and n_ = 1.33 = ¢ = 18° L5t

gchb
This fact is quite significant because it implies that an

optical system may behave differently for opposite direction

incident radiation. This applies not only in respect to the total

reflectance as is usually shown by the other (previously mentioned in section {.1)

techniques, but in respect to the total transmittance as well, when

total reflection occurs.
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Because of the relations

Ff(e) =0

Fb(2) =0

the relations A.1l to A.6 are simplified to the following forms:
Ff(3)*Y£l)*Yf(e)*Yb(l)*Yb(z)

F =F (l)+ (A-?)l)
vt 1-Fo(3)#F, (1)#y (2)#7, (2)
Fo=F, (3)+ P, (L)%Y (2)#Y, (3)#Y, (2)#Y, (3) (A.32)
b 14}6%@“1M1§2Wg§w
Y (L)%Y _(2)%
v - gt E (20 (3) (4.33)
1«Ff(3)%Fb(l)*yf(e)%Yb(e)
Y (L)*y (2)*Y, (3)
b
Ytb = b b (A.34)

1—Ff(3)*Fb(l)*Yf(E)*Yb(E)

Yf(l)—Ff(3)%Y (1)*Yf(2)*Y (2)+Ff(3)*Yf(l)*Yf(Q)—Yf(l}*Yf(Q)

Ao = £ b (4.35)
1-Fo(3)#F, (1)#Y (2)#y, (2)
- ¥, (3)-Fy (1)#¥p(2)7, ()4, (3)+F, (1)#1, (2)x1, (3)-¥, (2)#1, (3) |

1—Ff(3)*Fb(l)*Yf(e)*Kb(e)
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Appendix B

Exit point of a radiation vector from a control volume

Provided that the boundary of the control volume is a
continuous function f(x,y,z), the intersection point B(x,y,z) of the
radiation vector a(al,ag,as) and the boundary is given by the

gsolution of the system of equations:

X =% Yy =¥y
8 &5
8 43

f(X,y,Z) = 0
where A(XP%}ZB is a known point through which the radiation vector
passes.

& (a'1 Ja'z ia's)

.A(xl,yi,'z.i)

fxy,z)

Fig. B.l
The boundary of the control volume is not usually a continuous
function. This means that another procedure should be developed for
the calculation of the exit point instead of the above mentioned
solution of three equations.
The following flow-chart illustrates the procedure used to

calculate the exit point in the case of a parallelepiped control

volume. The known point A(xl,yl,zl) is the entrance point to the
control volume.
[ )
A7
[
z ~
N —_—— N ——— -
o
e N
-7 a(a
0 x BOY,%) 1:%23)

Fig.B.2
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The three pairs of the opposite faces of the parallelepiped
are parallel to three cartesian axes, 0x, Oy, 0Oz. Then the co-
ordinates of the planes of the six faces are:

(x10, 0, 0), (%20, O, O)

(o, vio0, 0), (0, Y20, 0)

(0, 0, z10), (0, O, 720)

By convention:

X103} 0, X20 ) 0, Y10}, 0, Y20 ), 0, z10% 0, Z20y O

The flow-chart gives the co-ordinates of the exit point x, y and z

in the system of co-ordinates O.xyz.

//// The co-ordinates of the
radiation vector: a;,a

2293
entrance point: xl,yl,zl
parallelepiped faces: X10,X20

¥10,¥20

%10,720

{

Initialization of the necessary
co—ordinates of the intersection
points of the radiation vector with
the planes of the six faces of the
parallelepiped
YNSX = 1.0
ZNSX = -1.0
XNSY = ~1.0
ZNSY = -1.0
XNSzZ = -1.0
YNSZ = -1.0
=0 >0 EX = X20
<0
EX = X10 ‘
I - —
[ YNSX = a, * (EX — xl)/al + ¥
ZNSX = ay * (EX - xl)/al + 2,
®
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EY = Y20

XNSY =
ZNSY =

a, * (EY - yl)/a2 + X

ay * (EY - yl)/a2 + oz

EZ = 720

=a, * (EZ - zl)/a3 + %)

= a, * (EZ - zl)/a3 + ¥,

Y

& ZNSX

£ XNSY

£ ZNSY

£ YNSX ( Y20

EX
YNSX
ZNSX

XNSY
EY
ZNSY

«“

XNSZ
YNSZ
EZ

»- ERROR

END
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Appendix C

Calculation of the vectors of the reflected and

transmitted radiation in the case of specular reflection and

refraction.

In Fig. C1 the radiation vector'g(al,az,as) coming from

medium m. , falls on point A(X,Y,Z) of the boundary'ﬁ(pl,pg,ps) between

l’
the two dis-similar optical media m, and m2. In general, one fraction,
ab, of the radiation vector absolute value, a , will be absorbed by

the boundary, a second one, tr, will be transmitted to the second
medium m_, and a third fraction, re, will be reflected back to the
medium m, 3

2
ab + tr + re = a

Fia.Ci

In the ideal specular case, the transmitted and reflected
fractions of radiation are the absolute values b and ¢ of the
vector‘g(bl,be,bs) of the transmitted radiation and of the vector
Ezcl,ce,cs) of the reflected radiation, respectively.

b = tr
c = re
These two vectors can be calculated if the absolute value and

the components of the vectors of the incident radiation @ and of the

—_—
boundary surface p are known.

Calculation of the angles of incidence, refraction and

reflection.
The angle of incidence, that is the angle between the vectors a and D

is i, (Fig. C1).

1
. -1
i1, = cos [ (aé*pl+a2*pg+a3*p3)/( a*p )
= 2)y+0.5
(al +oa,” + ag )
- 2 2 2140.5
p o= (p; +p, + p,")

Because by convention the direction of the vector E; is taken

to be from medium m2 to medium ml:
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. 900
i, >

The angle of refraction, that is the angle between the vectors b and

D is i, (Fig. C1).
There is no transmitted radiation if the optical medium m,,
is opaque or total reflection occurs. In such a case the angle 12
does not exist and
tr = b =0
The total reflection occurs if the refractive index n, of the

1

medium m, from which the radiation vector @ comes is larger than the

refractive index n, of the medium m,, and the angle of incidence il is

larger than a critical value icr
n > n, B
il > icr = gin [(nz/nl)]

If there is transmitted radiation into the medium m,, the angle
i2 is calculated from the relation:
i,=180"sin™"[ 1 % sin(180% 1 )]

R

This relation is another expression of the Snell's law.

The angle of reflection, that is the angle between the vectors & and

T is i (Fig. G1).
From the definition of the specular reflection, i3 =180°—i1
Calculation of the reflected and transmitted fractions of
radiation.

The reflected fraction

cC = re = IL * Fu + I'l *-P"

where Il ig the component of polarization of the incident radiation
that is perpendicular to the plane of incidence

Ill is the component of polarization of the incident radiation that
igs parallel to the plane of incidence.

PL’ Pll are the reflectivities of the boundary for the components of
polarization Il and Ill respectively.

Il + I,‘ =a

For smooth surfaces,

sinz(il—i2)

Py =
sinz(i +is)
5 172
_ tan (11—12)
PII_

D, .
tan (11+12)
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The transmitted fraction

If the optical medium m, is opaque or total reflection occurs

2
then
b =1tr =20
Otherwise,
b =1- ¢ - ab

—

Calculation of the components of the vectors b and ¢.

In the ideal specular case, the vectors 7, D, T and b are on
the same plane. This means that the following two scalar triple

products are zero:

a; 8 83

ae(cCxp)=0 = |c, ¢, ¢4 =0 (Ci)
Py Py Pg

. 1 %2 %3 (

. D) = = c2

a.(®xp)=0 = |b b,b, 0 )
Py Py Pg

For the vector E:

g.'g=—aaec*cms(2ﬁe) =

8,#C; + 8,%C, + B0, =—2a % C ¥ COS (2*13) €3)

T eT= p#* C % COS (i3) =

D *C; + PyxC, + PgaCy = P % C x COS (13) (c4)

Similarly for the vector b

—

a « b= a=%Db % cos (il - 12) =
al*bl + ae*b2 + aS*bB = a % b % cos (11 - 12) (cs)
P b= pxbx cos (12) =>

= i ce
pl*bl + pz*b2 + pg*b3 p % b % cos ( 2) (cs)

Each of the systems of equations
(c1), (C3), (¢5)
(c2), (c4), (C6)
is a linear system of 3 equations with 3 unknowns. Their solution

provides us with the values of the components of the vector ¢ and b.

The subroutines EXAM, INRE and EXRE have been constructed in
accordance with the above analysis. The solution of the system of
the linear equations is obtained by the subroutine GAUSS based on the

Gauss elimination method.
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Appendix D

Optical properties —~refractive index and extinction coefficient—

of clear float glass and Antisun glassg, grey 41/60

Clear float glass

Table D1 gives the refraction index and extinction coefficient
of clear float glass made by Pilkington Brothers Limited. Transmittance
data (23) was available for clear float glass samples of 3mm and 6mm
thickness, produced by measurements at a large number of wavelengths
and zero angle of incidence.

Using the basic equation of transmittance for one sheet of

glass: ! 1 N2 (A 12
T, = tﬂ.*(( 1-p,)%/(1- Py * T ), (D.4)
~K_ *L
where 't;, = A (D.'Z.)

the following system of two non-linear equations with two unknowns

(P%?,Ff) had to be solved for each different wavelength X :

(e )%= (1- 02 /(1-g2 5 (e~ P Kn) =1, =0

((E—L) ) (i P%z/(i '2*(e 2)2*Kﬂ)_Tﬂ'2 -0 (0.3)

where L 3mm and
The NAG sub-routine COSNAF had to be used. The convergence of the

method depended strongly on the first estimate (K )} of the

i
Aest! hst
solution. The first estimate of the solution was given sclving the

following system of two non-linear equations with two unknowns (K
et ﬂest) (1- Praat Y/(1+ p,q ) T TM =0 o
(e es-\:)*(i Pﬂ /( P/a o =0 (

Then, u81ng the relation
P;\; = (n;\." 1)2/(”3:1' 1)2 (D.':—)) the refractive index

of glass was obtained at the particular wavelength.

es‘h" PAES’*.)

The whole procedure has been expressed in sub-routines:
ARGO.R0S36(13) and ARGO.AUXN36(2)
Antisun, grey 41/60 glass

Table D2 gives the extinction coefficient of Antisur glass,
grey 41/60, which can be a candidate for a middle absorbing glass plate
of a water filled transwall module. According to Lisley (24) the
refraction index of the Antisun glass is expected to be the same as that
of clear float glass. The extinction coefficient values have been
obtained by digitization of transmittance curve of 6mm Antisun grey
41/60, from (25) and application of relations (D:1),(D.2) and (D.5).
Average values of the extinction coefficient of the Antisun glass,

grey 41/60 at 8 different wavelength bands are given in Table {.1 ,pp.22.




Optical properties of clear float glass

Wavelength
A.

pm

0.30C
0.310
0.320
0.330
0.340
0.350
0.360
0.370
0.380
0.390
0.400
0.410
0.420
0.430
0.440
0.450
0.460
0.470
0.480
0.490
0.500
0.510
0.520
0.830
0.540
0.550
0.560
0.570
0.580
0.590
0.600
0.610
0.620
0.630
0.640
0.650
0.660
0.670
0.680
0.690
0.700
0.710
0.720
0.730
0.740
0.750
0.800
0.850

refraction
index

of clear
float glass

1.510
1.510
1.510
1.510
1.510
1.516
1.509
1.516
1.511
1.516
1.518
1.518
l.512
1.512
1.512
1.512
1.518
1.519
1.519
1.518
1.511
1.507
1.512
1.507
1.511
1.507
1.515
1.519
1.519
1.518
1.513
1.516
1.511
1.509
1.508
1.511
1.514
1.507
1.509
1.512
1.509
1.516
1.516
1.517
1.504
1.505
1.510
1.517

2489

Table DA

extinction
coefficient
of clear
flgat glass
m

1500.00
1000.00
520.00
290.00
120.00
44,11
25.51
17.61
21.04
11.82
9.83
10.62
11.81
12.21
11.41
10.22
9.43
8.65
7.48
7.48
7.01
7.07
6.68
7.07
7.08
7.46
7.86
8.26
9.04
l10.21
11.01
12.22
13.83
15.07
16.73
18.01
18.88
21.02
22.36
23.71
25.51
26.48
28.35
30.26
32.57
34.06
41.32
48.62

Wavelength

ﬂ.

pm

0.900
0.950
1.000
1.050
1.100
1.150
1.200
1.250
1.300
1.350
1.400
1.450
1.500
1.550
1.600
1.650
1.700
1.750
1.800
1.850
1.900
1.950
2.000
2.050
2.100
2.200
2.300
2.400
2.500
2.600
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500
3.600
3.700
3.800
3.900
4.000
4.100

refraction
index

of clear
float glass

1.516
1.509
1.513
1.511
1.513
1.5086
1.518
1.506
1.512
1.511
1.506
1.510
1.514
1.512
1.516
1.514
1.515
1.515
1.509
1.509
1.514
1.518
1.513
1.517
1.517
1.510
1.510
1.510
1.510
1.510
1.510
1.510
1.510
1.510
1.510
1.510
1.510
1.510
1.510
1.510
1.510
1.510
1,510
1.510
1.510

extinction
coefficient
of clear

float glass
-1
m
53.33
55.63
55.72
56.31
55.72
54.99
52.76
50.79
47 .40
44,59
41.27
37.65
34.14
30.70
28.35
27.39
26.93
26.93
27.36
27.36
27.39
27.43
27.86
27.89
27.89
27.89
30.00
29.00
35.00
40.00
50.00
290.00
330.00
350.00
350.00
350.00
350.00
350.00
350.00
350.00
350.00
350.00
350.00
350.00
400.00
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Table D2
Extinction coefficient of Antisun glass, grey 41/60
wavelength Extinction wavelength Extinction
A coefficient A coefficient
of Antisun of Antisun
grey 41/60 grey 41/60
glass glass
pm m-l mm m--1
0.300 1000.00 0.712 82.14
0.331 1000.00 0.737 90.71
0.350 245.05 06.750 96.22
0.366 159.90 0.800 118.01
0.381 151.23 0.882 145.68
0.387 112.73 0.900 148.34
0.393 98.30 0.964 158.14
0.400 97.59 1.025 162.31
0.483 138.37 1.200 155.46
0.500 142.48 1.326 138.66
0.522 138.70 1.500 104.75
0.539 122.84 1.645 87.34
0.547 113.37 1.915 83.66
0.555 111.82 2.100 75.12
0.571 120.57
0.589 139.41
0.600 138.60
0.021 134.17
0.635 138.81
0.650 137.03
0.662 123.50
0.665 101.54
0.674 92.59

0.694 83.85
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Appendix E

Extinction coefficient of various dyes and gelling agents.

The extinction coefficient €(RA), (Kg water/mol dyesm) of
various dyes has been calculated as a function of wavelength A'.
The data was obtained with a Beckmann spectrophotometer from
measurements of the absorption coefficients of a known strength
solution W{Kg dye/Kg water) of dye in distilled water, A(A"), and
of distilled water, As (A), in a cellof thickness L({in )

&M% C= (AA) - As(A))/L (e.1)
where, C = w7‘(M-.*10"3) (E.2)
C is the concentration of dye in water (mol dye/kg water)
and M is the molecular weight of the particular dye (gr of dye/mol
of dye). It is obvious from the right part of relation (E1) that we
assumed that the refractive index of the solution of dye remains the
same as that of pure distilled water. This assumption is used
everywhere in this thesis. It should be added that the relation (E.1)
is another form of Beer-Lambert relation (L19 of page 24 . This
Beer-Lambert relation is used with the known extinction coefficient
of the dye &(&), its strength W*'and relation (E2) to calculate the
dye solution extinction coefficient K(A,C) (m_l) at the particular
concentration € (or strength W9.
- Table E.L gives the extinction coefficient (&) of the
following dyes: acid green B, methyl orange, copper chloride. In
Table E.4 are also included the extinction coefficients aO(K) over
that of water as(x), of two solutions of the gelling agent Gourlose
F1000G in water. In this case the extinction coefficient ao(ﬁ) is
defined from the Beer-Lambert relation aO(X) = K(A) - aS(N) where
K(A) the extinction coefficient of the solution.

Table E2 gives the average extinction coefficientseiﬁb),
ao(ﬂh) of the abovementioned three dyes and the two solutions of
Courlose F1000G in water respectively, at seven different wavelength
bands. Average values of refraction index n(AX) and extinction
coefficient K(A') of water at 25°C at eight different wavelength bands
have already been given in Table 1.4 ) Poge 2.2 {data from References(26),{27).
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Table EXL

Extinction coefficient &(A), (Kg water/mol dyexm) of acid green B

(M = 1015.0), methyl orange (M = 327.3), copper chloride (M = 170.5)
and a (X), (m~1) of the two solutions of the gelling agent Courlose
F10008, with strength, W, of 0.0025 Kg gel/Kg water and of 0.005 Kg
gel/Kg water.

M, molecular weight of dye in gr dye/mol dye.

wavelength e(A)xE-06 g{A)»E-06 e(A)*E-03 ao(x) a ()
A acid me thyl copper Courlose Courlose
pm green B orange chloride W=0.0025 W=0.005
0.300 2.6304 0.5504 0.5955 0.0 7.0
0.315 1.8870 0.4261 0.3026 0.1 6.4
0.330 1.7226 0.2853 0.1729 0.7 6.6
0.350 1.6726 0.3237 0.1105 1.1 6.3
0.360 1.5940 0.4462 0.0865 1.2 6.5
0.375 1.5011 0.7187 0.0816 1.3 6.5
0.390 1.3295 1.05633 0.0768 1.6 6.6
0.400 1.1437 1.2783 0.0768 1.7 6.7
0.420 0.9507 1.6605 0.0624 1.9 6.6
0.435 0.8077 1.9037 0.0624 2.1 6.6
0.450 0.6362 2.1085 0.0624 2.3 6.8
0.465 0.4503 2.1670 0.0480 2.2 6.7
0.480 0.3503 1.9970 0.0480 2.1 6.6
0.495 0.2931 1.5544 0.0528 2.1 6.5
0.510 0.2573 1.0259 0.0528 2.2 6.3
0.525 0.2216 0.5431 0.0576 2.3 6.4
0.540 0.2073 0.2322 0.0576 2.2 6.2
0.5565 0.2144 0.0823 0.0672 2.2 6.2
0.570 0.2716 0.0293 0.0816 2.4 6.4
0.585 0.3645 0.0183 0.1104 2.4 6.4
0.600 (0.4932 0.0165 0.1345 2.3 6.3
0.615 0.6576 0.0165 0.1729 2.4 6.3
0.630 0.8220 0.0128 0.2257 2.4 6.3
0.645 0.9721 0.0128 0.3074 2.5 6.3
0.660 1.0866 0.0146 0.4034 2.6 6.4
0.675 1.1508 0.0128 0.4995 2.5 6.3
0.6920 1.1937 0.0128 0.6244 2.5 6.2
0.705 1.2366 0.0110 0.7444 2.4 6.2
0.720 1.2294 0.0128 0.8741 2.4 6.1
0.735 1.2080 0.0183 1.0038 2.5 6.0
0.750 1.1437 0.0201 1.1094 2.4 5.9
0.765 1.1294 0.0201 1.1959 2.3 5.8
0.780 0.9578 0.0183 1.2439 2.2 5.6
0.795 0.7864 0.0165 1.2727 2.0 5.0
0.800 0.8720 0.0 1.1190 4.0 7.9
0.840 0.5718 0.0 1.0998 4.5 7.8
0.900 0.2352 0.0 1.0134 5.0 9.4
0.960 0.0 0.0 1.0422 14.3 17.0
0.980 0.0 0.0457 0.9654 6.9 13.0
1.000 0.4432 0.0878 0.9942 6.1 11.5
1.040 0.3288 0.0841 0.7925 5.0 11.0
1.080 0.7863 0.0183 0.6244 6.8 10.7
1.120 0.3674 ¢.0 0.5667 26.3 11.8
1.160 0.2859 0.0 0.7492 20.0 22.7
1.200 0.4003 0.1079 0.6916 11.0 15.5
1.240 0.5718 0.1500 0.6484 8.6 14.0
1.280 0.3574 0.0914 0.5331 14.8 16.0
1.320 0.7148 0.0183 0.7156 41.0 32.0
1.330 0.7148 0.0 0.0 50.0 100.0




Table E2
Averaged, extinction coefficient E(Rh) (Kg water/mol dyexm) of
acid green B (M = 1015.0), methyl orange (M = 327.3), copper
chloride (M = 170.5) and a_(A,), (m™1) of the two solutions of the
gelling agent Courlose F1000G, with strength, W} of 0.0025 Kg gel/
Kg water and of 0.005 Kg gel/Kg water
M, molecular weight of dye in gr dye/mol dye

wavelength E(Ak)*E—OS E(R%)%E—OB E(ﬂ%)*E—OB ao(ﬁb) a (AL)
band,ﬂL ©

acid methyl copper Courlose Courlose
pm green B orange chloride W=0.,0025 W=0.005
0.30 + 0.35 1.898 0.375 0.263 0.5 6.5
0.35 + 0.40 1.463 0.751 0.084 1.4 6.5
0.40 + 0.65 0.464 1.084 0.067 2.2 6.5
0.65 + 0.70 1.038 0.0143 G.547 2.5 6.2
0.70 + 0.90 0.687 0.0059 1.121 3.8 7.4
0.20 + 1.20 0.157 0.033 0.815 12.0 13.7

1.20 + 1.33 0.636 0.094 0.608 18.7 21.6
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Appendix F

Calculation of the spectral composition of the components of

solar radiation

The solar radiation received at each surface on earth is
generally composed of three components

1) direct radiation

2) diffuse radiation from the sky

3) reflected radiationfrmnthegnnmd or other surfaces
Since, meteorological offices collect solar radiation measurements at
only a few stations, mathematical models have been developed (14),(15),
(28),(29),(30),(31) to calculate the three components of solar radiation
under various climatic conditions on any surface. But both measurements
and mathematical models (especially the first) give almost always
average value of the intensity of the components of solar radiation over
its whole spectrum. The data on the spectral composition of solar
radiation is quite scarce.

As a first approximation, the spectral composition of the direct
radiation can be adopted as that given by Thekaekara (32) for
different air-masses, Mr. This spectral composition assumes certain
atmospheric conditions (as turbitity parameter a = 0.66 and b = 0.085,
20 mm H20 and 34mm of 03). All the columns of Table 1.2 and L3 have been
constructed from Thekaekara's data (32), except of the column of air-mass
2, which is derived from Reference (33).

The attenuating effect of the earth's atmosphere is expressed as
a function of the so-called air-mass(30) . Assuming the atmosphere as a
homogenous hollow sphere, the air-mass Mgr at sea level is given by the
following relation : '

Mer = ((R/H)Z x cos® (2) + 2 % (R/H) + 1)°°% = (R/H) » cos(z)
where Zis the zenith angle of sun

Rig the radius of the earth

and H = PO/(g%PO)

where Po = gea level atmospheric pressure
Po = Sea level air density
At elevelated sites the air-mass Mr may vary considerably from that at
sea level and therefore is calculated from
Mr = Mgr * P/Po

where P is the site barometric pressure.

If a more realistic spectral distribution of the direct radiation
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on a clear day is needed the computational approach given by Cockroft
{(30) should be adopted. If Icﬁ is the solar constant , that is the
amount of energy per unit time falling on a unit area of plane normal
to the sun's ray at the mean sun-earth distance, outside the earth's
atmosphere, at the wavelength A (see, for example, Reference (22)),
then the amount of solar energy actualliy reaching the ocutside of the
earth's atmosphere, due to the slightly elliptical orbit of the earth,
is:

I, =T * (1 + 0.0335 % cos (2 *TT % n/365))

where n, is the day number of the year, counted from January l. The
direct component of solar radiation reaching the earth's surface, at

wavelength A'is given by the following relation:

I =T % Ty * Ty * Ty o % T,

A
where the various transmission coefficients express the attenuating

*103

character of the atmosphere of the earth's surface particular site.

~4.05

-0.00386 # (& ) % Mr % P/1000

- = 10
t3 account for Mie scattering due to air molecules
~0.0075 % (F°)  Mr % W/0.02
Tw = 10
to account for water scattering where W, the water
content of the atmosphere expressed as metres of
precipitable water
W = 0.0034 % Po * ¥ (1 - exp (-312.6/To))
where g the atmospheric moisture content mixing
ratio (Kg/Xg) at sea level

To, sea level air temperature

—0.0353 *(H"— 0'75)* (exp(—0.0D 05 *h))wMr w e = (cl /800)
T&': 10
to account for dust particle scattering

where his the site elevation (m),

dis the dust perticle concentration(pg/ms).

mon -~ 0.5
6

where monis the month of the year,l1 to 12.

d = 96 + 62 % cos ( * T ) (F1)
sc 1s a scaling factor depending on site conditions
to correct the value of d and allow for atmospheric
concentrations not typical of a city environment which
is actually represented byrelation (F1),
—a0 3w
T =10
to account for water vapour absorption, carbon dioxide
and oxygen
where a, 1s the water vapour absorption coefficient given in

Table F3 from empirical data as function of wavelength band

AL and precipitable water depth, Mr.W (cm)
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~axX%Mr
102—10

to account for ozone absorption
where X, depth in cm NTP, given in Table F5, as function of

mon (month of the year) and LAT, latitude of the site,

a, absorption coefficient, given in Table F4 , as
function of wavelength A

As far as the diffuse radiation from the sky is concerned,
its spectral distribution according to (15 can be considered
similar to the direct solar radiation for the particular air-mass
Mr of site and time but with a slight shift towards the short-wave
end of the spectrum. So, as a first approximation of the spectral
distribution of diffuse sky radiation, that of direct solar radia-
tion for the particular air-mass Mr of site and time can be used.

Hull (24} has presented another method of calculating the
gpectral composition of diffuse radiation under different weather
types expressed by the clearness index KT, the ratio of total

horizontal insolation at the earth's surface I divided by the

h, tot

extraterrestrial horizontal insolation I
h,ext

Trm /o

R A e

where ais the solar, altitude apgle\T(a)
where ais the solar altitude angle. It is known that the solar

altitude angle can be calculated from the following relation:

SIN (&) = SIN(LAT) = SIN(SS) + COS(LAT) COS(SS) * COS(hS) (F2)

where,gg is the declination of the sun, the angle between the
sun's rays and the Zenith direction (directly overhead)
at noon on the earth's equator.

h. is the solar hour angle, 15° times the number of hours
from local solar noon. The declination of sun 85 as a
function ofn(day of the year) can be found in Reference
(14)

Table Fi gives the colour temperature of sky Tw, from which the

spectral distribution of the diffuse solar radiation from tHe SKY

is calculated as function of the clearness index KT, assuming that
is a blackbody radiation of temperature Tw with a sharp total cut-

off at 0.3125 (the radiation with wavelength shorter than 0.3125 P

is neglected)

Table F1
Egquivalent blackbody temperature of sky Tw
KT Tw(K? Weather type
> 0.70 13000 clear sky
0.50 + 0.7C 9000 haze
0.25 + 0.50 7500 light overcast

{0.25 6800 heavy overcast
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If we adopt the methodology from Hull (34) Table K2 is
constructed, that gives the fraction of solar radiationat 8
different wavelength bands over the total solar spectrum of the

diffuse radiationfrmn{heSKyfbr the four regions of clearness index.

Table F2

Sky diffuse radiation from Hull's method.Fraction of total diffuse radiation,
Total diffuse radiation =1

wavelength Clearness index ,XT
band , X, %0.70  0.50+0.70 0.25+0.50 {0.25
pm b
0.3 + 0.35 0.159 0.102 0.068 0.055 )
) ultraviolet
0.35 + 0.4 0.167 0.122 0.098 0.083 )
0.4 + 0.6 0.377 0.362 0.333 0.314 )
} visible
0.6 + 0.75 0.120 0.149 ¢.162 0.165 )
0.75 + 0.9 0.065 0.088 0.104 0.111 )
) near infrared
0.9 =+ 1.2 0.058 0.089 0.113 0.127 )
1.2 + 2.1 0.045 0.070 0.094 0.112 }
) infrared
2.1 + 4.1 0.009 0.017 0.027 0.032 )

The comparison of values of Tables F2 and102(9922) shows that Hull's
method gives a quite large shift towards the short-wave end of the
spectrum, especially for higher values of clearness index KT. This
actually contradicts with measurements quoted in Reference (i5). What
is suggested is the adoption of Hull's method but with a more moderate
shift towards the short-wave end of the spectrum. Anyway, more
research is needed in this field, to establish the spectral distribution
of diffuse solar radiation coming from the sky.

As far as the reflected radiationfnnntheanund is concerned,
the general knowledge, at present, is quite poor not only on the
spectral composition of the reflected radiation but on the average

value of the intensity and its directional character as well.
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Appendix G

Approximate calculation of the view factor of two polygons sited on

two different planes.

The method 1s numerical and is an application of the relation
{(1G) that gives the view factor dFdA—dB of the area element dA
towards element area dB. The relation is based on the assumption
that the intensity of radiation leaving the area dA is independent of
direction.

2
dA = dFdA_dB = COS Cl * COS 02 * dA*dB/ {7t * s7) (1G)

where the definition of the various quantities are given in Fig. Gl.

4

14
2
RB
Fig. Gl
The polygon A has rlA apexes and the polygon B, nB,respectively.
The co-~ordinates of each apex are given: (all,alz,als),(aal,azg,azs),...,
(a y & ya Y, (b, ,b. _,b ), (b..,b. b J),...,(b ,b o) ),
nAl nA2 nAS 117712713 217722723 nBl nB2 nBB
along the axes 0X, 0Y, 0Z,respectively.

The sequence of the apexes of each polygon should be such that the
vector of the polygon plane be directed towards the same direction as

the radiation leaving the polygon plane. The components of vectors of

plane of polygon A and plane of polygon B along the axes 0X, 0Y,
0Z respectively are:

Rhy = (Bpp —agp) % (agg = ay5) — (agy = aj,) * (ayy - ay) (26)
RA, = (agg — aj5) * (ag) - a;;) = (855 - aj5) * (a,) - a),) (3@)
R, = (ay; —aj)) * (ay, —a,) - (ag - a,) * (s, -a,) (4G)
RBy = (byy = byy) % (bgg = byg) = (by, = by,) * (byy - b)) (56)
RBy = (byg = byg) % (bgy = by)) = (bgg = byo) * (byy = by,) (66)
RB, = (by) = byy) % (bgy = b)) = (byy = b)) * (by, = b)) (76)

According to Fig.Gl if Ax’ Ay, AZ are the co-ordinates of the centre
of element area dA and BX, By’ Bz’ the co-ordinates of the centre of
element area dB, then, the co-ordinates of the straight line of the

two centres are:

P =A -B (8@)

X x x
P =A -B (9G)

y y y

P . -

g = AZ BZ (10G) and
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2 2 2,0.5 2 2 2,0.5
= (- - - 116
C0S C) = (-RA %P —RA ¥P_ R %P )/ (P, "+P "4P ")7" "x(RA +RATRAD) ) (446)
2 2 _2.0. 0.5

C0S C. = (RB *P +RB %P 4RB %P )/((P_"4P "+P )O 5%(RB 2+RB 2+RB 2) ) (12G)

2 X X y ¥y Z Z X y b X ¥ Z
2=p’spip? (13G)

X N Z
If COS C, <0 or COS C, £0 (14G)

no radiation from one elemental area falls on the other. FEach polygon

(of n apexes) is separated into (n - 2) triangles according to Fig.G2

)

initial apex al(all’alz’alS

Fi%.GSZ

Each triangle is subsequently separated into a funther six triangles
according to Fig.@2.

In turn each of these six triangles is similarly separated into a
further six smaller triangles so that each initial triangle of the
polygon is sub-divided into thirty-six smaller triangles.

The next step is the application of relations (1&) to (146)
between every pair of smaller triangles Ai and Bj with areasAAiand
ABjJespectively. The straight line s of Fig.Gl joins now the
centres L and LBj of the two smalier triangles. Thus, the view

Ai
Tactor of the polygon A with area 4A towards the polygon B’FA—B’
multiplied by the arealA, is given approximately by the following

relation:

36%(n,~2) 36x(n_-2)
A B C0Ss C, ..*CO0S C..*AA#AB-
ij2 J

AAxT => > LI 2
A-B T J=1

M+ s

i3
36*(QA—2)

Y S V'Y
; | 8
i=1
It can be shown numerically that more accurate results are
obtained when the initial apexes a, and bl are chosen in such a way

that they are not coincident for the case in which the polygons share

a common side.
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Two applications of the method follow:

The first application concerns the parallelepiped enclosure
of the test box. The view factors are calculated between the six
polygons of the enclosure dimensioned as shown in Fig. G3. In this

figure

D.725 m

s,
L
-

0.853 m

Fig. G3
each number and arrow determines the number of polygon, the initial
apex of the peclygon and the sequence of apexes. In Table G1 the view
factors calculated with the present method are compared with accurate
values. The accurate values are calculated from the relations given
at the end of Table Gl. These relations are from Reference (42 ).
Values are also given in this table for the case in which the initial
apex of polygon 6 co-incides with that of polygon 1. The comparison
stresses the importance of not having the initlial apexes of two
polygons coincident. In Table G2 average values of the angle of
incidence in each side of the parallelepiped are given for radiation
coming from the other sides. This will be of value if the optical
properties of the particular side are dependant on the angle of
incidence of the incident radiation.

The second application is that of the enclosure of a typical

horticultural glass-house. The view factors are calculated between

the nine polygons dimensioned as shown in Fig. G4.
|+401mhL$565m|j563w1L$401m
%

2428m

Fig. G4
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Table G1

View factor F (the case of parallelepiped)

A-B

Initial apex of polygon l=£ initial apex of polygon 6

approximate values

Polygon Polygon A '

B 1 3 2

1 0.0 0.228 0.228
3 0.160 0.0 0.117
2 0.160 0.117 0.0

4 0.202 0.213 0.213
6 0.202 0.213 0.213
5 0.277 0.228 0.228

o o M N W

a o M N W -

Accurate values

Polygon A

1 2
0.0 0.236 0.236
0.157 0.0 0.125

0.157 0.125 0.0

0.203 0.202 0.202
0.203 0.202 0.202
0.280 0.236 0.236

Initial apex of polygon 1

approximate values
Pglygon A 3

2
0.0 0.232 0.232
0.152 0.0 0.119

0.152 0.119 0.0

0.192 0.217 0.217
0.240 0.201 0.201
0.263 0.232 0.232

0.230
0.171
0.171
0.0

0.199
0.230

4
0.239
0.158
0.158
0.0

0.208
0.239

0.230
0.171
0.171
0.199
0.0

0.230

6
0.239
0.158
0.158
0.208
0.0
0.239

0.277
0.160
0.160
C.202
0.202
0.0

5
0.280
0.157
0.157
0.203
0.203
0.0

== initial apex of polygon 6

4
0.230
0.171
0.171
0.0
0.199
0.230

6
0.264
0.195
0.145
0.182
0.0
0.264

For the coleulation o.@_ the cccuvatte volues o-g— r—;\ .

A

N

F a = _o%ﬁ*l:(\l “h o )*J[a\r:i[\/h-k; ]—h*":c_\{i[ @/hﬂ +
2 *[(Vh +@:2)avr tarn HVhE 2]~y Jtcm"l[o(lh]_' -

TV %X

L2 )n(zB%2))

ban
2o (ol 02) g
ocx bwe (s h 2 (b2 h2)
= deni[i ‘] + Z:r'hc;:fi[znk] _ (V2% tad HAZRZ)
2 2 2 2 2

B )

b} 22 (L+ 2227 |
* n[ 1+ 22)a{z%%?) )

W= C/b
7= tfb

5
0.264
0.152
0.152
0.192
0.240
0.0

poarallel
powon O_Q,e g.o %v‘chss

=

ol

|

4

vevtical
pavo Ne lo %\rams

B

of

.
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Table G2
Average angle of incidence on polygon plane B for incident radiation

from A (initial apex of polygon 1 z£initial apex of polygon 6)

Polygon

A 1 3 2 4 6 5

Polygon

B
1 - 59.4°  59.4° 58.1° 58.1° 32.8°
3 45.3° - 19.9°  46.2° 46.2° 4s5.3°
2 45.3°  19.9° - 46.2°  46.2°  45.3°
4 52.9°  55.1°  55.1° - 27.6° 52.9°
6 52,9° 55.1° 55.1°  27.6 - 52.9°
5 32.8°  59.4° 59.4° 8.1  58.1° -

In Fig. G4 each number and arrow determines the polygon number,

the initial apex and the sequence of apexes. Table G3 gives the
calculated values of view factors for each pair of internal surfaces,
FA——B' The subroutine ZEYS.SURNI has been developed for this purpose.
The subroutine takes into account the  ‘"shading" effect imposed by
the relative position of polygons 7 and 8. Each column of Table G3
has been calculated independently from the others. However, the non-
deviation from the equality of the quantitiesAAi*FAﬂ_B. andABﬁ@é‘_Ad
i3 i

is a measure of the success of the described method.

Table G3
View factor ¥, o (the case oftheglasshouse)
Polygon
A - 1 2 3 4 5 6 7 8

Polygon %’A:i“ 8964 8L.2 812 1200 1200 2444 2517 9507
0.0 0.403 0.403 0.380 0.380 0.653 0.772 0.772
0.022 0.0 0.008 0.020 0.020 0.021 0.022 0.022
0.022 0.008 0.0 0.020 0.020 0.021 0.022 0.022
0.068 0.066 0.066 0.0 0.036 0.011 0.0 0.099
0.068 0.066 0.066 0.036 0.0 0.219 0.029 0.0
0.199 0.117 0.117 0.018 0.373 0.0 0.084 0.0
0.212 0.111 0.111 ©0.000 0.152 0.076 0.0 0.0
0.212 0.111 0.111 0.152 0.000 0.0 0.0 0.0

0.199 0.117 0.117 0.373 0.019 0.0 0.0 0.084

© 0 N0 g M W N

9
2444

0.653
0.021
0.021
0.219
0.011
0.0
0.0
0.076
0.0
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Appendix H

Calculation of the projection point on a plane.

The point S(Sx’sy’sz) is projected along the vector
—
V(Vx,Vy,VZ) on a plane P.

- 7
AN
Yy
%
L A(ax,av,a,,)
W (W, Wy W)
Fig. H1

The co-ordinates of the projection pcint W(WX,Wy,WZ) being
on a straight line that is parallel to the vector V(Vx,vy,vz) and
passes through the point S(SX,Sy,SZ) obey the following relations:

X X Y Y (Hl)

= (H2)

Relations H1 and HZ2 can be written as relations H3 and H4
regpectively:

W *V =W %V +(S #V -S %V )=0 (H3)
X y y X y X X y

il

W #V —-—W *»V + (S »V -3 *V) 0 (H4)
Y Z 2 ¥

z N ¥y 2z

If the plane -is described by a vector ?(PX,Py,PZ)
perpendicular to it and a point A(ax,ay,az), then the co-ordinates of
the projection point obey the following relation as well:

- P w - - =

(Wx ax) * x + { v ay) 3 Py + (WZ aZ) * PZ 0 (H5)
This relation can be written into the following form,
W #P +W #*P 4+ W *#P —~f{a *P +a *P +a *P)=0 (HB)
X X N y Z b4 X X y y z z
Solving the system of the three linear equations (H3), (H4) and (HB)
the co-ordinates of the point w(wx,wy,wz) are calculated.

If the plane is described by three points A(ax,ay,az),
B{bx,by,bz) and C(cx,cy,cz) the components of vector P(Px’Py’Pz)
are first calculated from the co-ordinates of these three points:
= (b = - — - _

x § v ay)*(c:Z az) (cy ay)%(bZ az) (H7)
= - * - —_ —_— -

v (bZ az) (cX ax) (bX ax)*(cZ az) (H8)

]

(bX - ax)*(cy - ay) - (cx - ax)*(by - ay) (H9)
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The subroutine PRQJ has been developed according to the above
analysis. The subroutine first examines the possibility the projection
point W to be in infinity, which means that the vectors V and P are
perpendicular to each other:

VX*PX+Vy-u-Py+VZ*PZ=O
The cases with zero magnitude of one or two of the co-

ordinates VX, Vy and VZ of vector V are handled appropriately.
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Appendix 1

Calculation of the intersection polygon of two coplanar convex

polygons
Two coplanar convex polygons A and B with apexes n, and n

A B’
respectively are given in Fig.Il. The co-ordinates of each apex are,

(alx’ aly)’ (a2X’ a2y)s"-)(an %? al’l y) and (blx’ bly)’ (bzxybgy)""’

A A

v
ol xL
FH%.Ii
The shaded area of Fig.l gives the intersection polygon G, with nG
apexes (nG = 6, in the example of Fig.Ll ). The co-ordinates of these
n, apexes (clx, Cly)’ (ch, czy),...,(anx, any) should be calculated

from the co-ordinates of apexes of polygon A and B.
The relative position of point 8§ (Xs’Ys) on the plane XOY in
respect to the straight line y = d1 * X + el can be expressed by one
of the three relations:
Y o—d X -e >0 (11)
when the point S belongs to the positive
semi-plane in respect to the line
¥y = dl * X+ ey

Ys - dl * X, — ey = 0 (2T)
when the point is on the line y = dl * X + e
o (31)
when the point S belongs to the negative

semi-plane in respect to the line

Y" 51 y = dl * X + el
} g @ y.—:clf*x-i-ei Point S (Xsl’Ysl) ) Ysl Yd o* X +e
1= 2, .
) 53 ..31/91 . Point 82 (XSZ,YSE) . YSz = dl * X52+ e
e T~ X Point S, (X ,Y ) , Y £ d *X_ +e,
P:.%. 12 3 3 5 SS

So, each internal point of a polygon or a point on its sides
(X,Y) is subject to a set of n inequalities of the following form:

lli —)eX+12i-)(~Y+13'i\<0 (4L), i = 1,...,n
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where, n the number of apexes of the polygon. The parameters lli’

1., 1 i = 1,...yn correspond to the straight line Y = di*X + ey

2i 3i’ h th
that passes through the 1 and (i+1) apexes of the polygon. So,

finally, each internal point of the intersection polygon G and every

point on its sides (XG,YG) is subject to a set of (nA + nB)
inequalities of the form:
1 F X+ 1y * YG + 1g £0 i= 1,...,(nA + nB) (51)

that derive from the two sets of the inequalities (4T) that correspond
to the two polygons A and B. The apexes of the two polygons and the
intersection points of all the pairs of sides of the two polygons that
have such co-ordinates (XG,YG) which are subject to the set of the
inequalities (5I) are actually apexes of the intersection polygon G.
The sub-routines CAL and EUR3 have been developed for the calculation
of the co-~ordinates of the nG apexes (Cix’ciy) of the intersection
polygon G from the co-ordinategs of apexes of polygon A and B. The
coincidence of two or more apexes of polygons A and B and intersection
points of the pairs of sides of the two polygons is handled

appropriately.
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Appendix J

Calculation of mass-flux (Gx)x+ and water vapour

mass concentration m .

w,P
We consider that there is mass-flux (Gx)X+ across n different

parts of the interface of the control volume P. The mass flux of

.+ J =1 to n and the vapour mass concentration m
X+,] WyD
at the node of the control volume (section 2.4) are calculated from

each part (Gx)

the simultaneous equations {J1) to (J5). It has been assumed that
the control volume is filled with moist-air and the mags~flux is due
only to convection and not to mass concentration gradients. These
could arise, for example, from condensation or evaporation from the

internal surfaces of the control volume.

m + m =1 (J1)

w,p a,p

(Gx)x+,j = fj(Pp) , J=1ton (J2)
n

Pp =(~c #(y ~1)*TorAt/Avx Jzﬂ (@x),, whxj)+pownc a(y ~1)«Tp (J3)

P, = P/ (o, *(y ~1)*Tp) (J4)

’

_ 0,0 1 : (B Lo
(Pp*mw,p pp*m o p)*AV/Atﬁ%i{Gx)x+’j*Axg*mwxﬂj-(mw4ﬁw,)*AV/2 {(J5)

where, Tp is the temperature at the node P.
Pp is the density of the moist air at the node P.
Pp is the pressure at the node P.
c is the constant volume specific heat of the moist air
at the node P.
/c is the specific heat ratio of moist air.

= C
Yp PP Vv,p
is the mass concentration of the water vapour at the

mwx+,j
part of the control volume interface x+. (Kg of water/
Kg of moist air).
is the mass creation rate of the water vapour. This
creation could be due a humidifier or dehumidifier.
m is the mass concentration of the dry air in the
mixture of the moist air at the node P. (Kg of dry
air/Kg of moist air).
AV is the volume of the control volume
Axj is the area of the part of the control volume interface.
At is the time interval.
The superscript o denotes values at time t. Its absence implies values
at time t+At. Finally, the symbol f means function.
Equation (J1) is derived from the definition of quantities

My . p and Mg, p-
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Equations (J2) give the mass-—fluxes (Gx)x+,j as functions
of the pressure Pp. These may be functions of other variables, e.g.
temperature, as well. These equations are usually semi-empirical
relations produced from fitting experimental data. Extensive
coverage for both infiltration and ventilation cases are given in the
ASHRAE Handbook of Fundamentals, chapter 21 (18) and in Cockroft's
thesis (30). The thermocirculation in a Trombe-wall system is given
by Duffie et.al. (15).

Equation {(J3) is derived from equation (J4) and the

finite~difference representation of the continuity equation (J6):

o L .
(py=Fp J*AV/A% +Z=1(Gx)x+’j % Axj = 0 (J6)

Equation (J4) is an expression of the equation of
state of the moist air. It is assumed that the moist air behaves
as a perfect gas.

Equation (J5) is the finite difference representation
of the mass-diffusion equation for the water vapour mass concentration.

The solution of the system of equations (J1), (J2), (J3), (J4),

and (J5) which provides the values of pressure Pp, water vapour and
dry air mass concentration m ,» M s mixture density Pp and mass

W,P a,p
fluxes (Gx)X+ 3 at the time t+At, proceeds by the cyclic repetition

?

of the following steps:
1) Provide initial estimates of the values of temperature Tp.
2) Provide initial estimates of the values of pressure Pp, the water

vapour mass concentration m. and mixture density pp.
L]

3) Calculate from equation (J1) the mass concentration of dry air.
4) Calculate from appropriate auxiliary equations, the properties

c and c .
v,p’ Up P,D

5) From equations (J2) calculate the values of (Gx)x+ i
]

6) From equation (J3) calculate the values of pressure Pp.
7) From equation (J4) calculate the density Pp'

8) From equation (J5) calculate the mass concentration m . The
H
values of mass concentration of water vapour at the control

volume interface L 3 (equation (J5)) are calculated according
s

to hybrid scheme.
9) Regard the new values of pressure Pp, and mass concentration of
water vapour m D as improved estimates and return to step 3.

3
Repeat until convergence.
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Appendix K

Example of a closed air-gap discontinuity

The line~by-line solution of the algebraic equations derived
from the discretization of the energy differential equations can be
easily applied in a domain where a closed air-gap discontinuity
exists, employing a similar analysis to that of section 3.1.4. So,
the valuable information concerning the heat +tramsfer between two
parallel surfaces can be easily incorporated into the whole
computational procedure. Only, the heat capacity effect of the air
of the gap is neglected. The total heat transfer coefficient ,h,

between the surfaces i and j consists of two parts; a radiative ’hr’

and a convective-conductive part ,hc: h = hr + hC

{ L axAl2 lznuwzi :
1

|
| : . 1
1 . { . T T, | . !
| TA h TB |
l | | |
‘ 1

{_ AXA AXR

Fig.K1
The calculation of the radiative heat transfer coefficient ’hr’ is
given by Duffie et. al. (15). For example, assuming diffuse
surfaces of equal area:
h =6w(Ti + T)»(Ti% + 75°)/((1-Ei)/Bi + (1-E§)/Ej + 1/Fij)
where & = 5.6697E-08 W/m2 K4

Ei,Ej is the emissivity of surface i and surface j respectively

Fij is the view factor of surface i towards surface j.
The calculation of the convective-~conductive heat transfer coefficient
,hC, for free convection between two parallel surfaces is given at the
end of this appendix. It is based on References (47) and (48).

The analysis gives the following relations for the heat fluxes

6K and @E at the interfaces i and j respectively:
QR = (hAi*th*AX*(TA - T8))/(h, , + th*(l +h,./n))
W = (h i*th%Ax*(TB = TA))/(hy;%(1 + by /h) + hp o

where hAi =2 x ]Ai/AXA and th =2 % ABj/'AXB

and aAi is the thermal conductivity of material of control volume A

A ALY

at the temperature of surface 1i.

ABj is the thermal conductivity of material of contrcl volume
B at the temperature of surface j.

The temperatures of the surfaces i and j are given by the
following expressions:
*TA+th*TB+hAi*TA#(th/h))/(th+hAi+(hAi*th/h))

*TB* h 3 N
(th*TB+hAi*TA+th TB (hAi/h))/(th+ Ai+(hAi%th/h)),

Ti
TJ

(hys
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Calculation of heat transfer coefficient hcbetween two

parallel surfaces of a closed air-gap,

The heat transfer coefficient h.is given by the following expression:
h o= Nu # 2/L (K1)
where disthe conductivity of the gas filling the gap, calculated at
the arithmetic mean of the temperatures of the two surfaces,
(Ti + Tj)/2 (K2)
The Nusselt number Nu is function of the Rayleigh number, RaL,

given by the following definition:
Ra, = (2 % g % (Ti~T3) % L3 * Pr)/(v2 % (Ti+T3))
where both Prandtl number Pr and kinematic viscosity v are calculated
at the arithmetic mean of the temperatures of the two surfaces,
(Ti + Tj)/2 .

a) If the inclination angle 8°is between 0° and 75° the Nusselt

number is given by the following relation,

. 1.6
Nu=1+ 1 4_4_*(1__ 1708 )'*(1__ 1708 %(sin(1.8x87)
’ Ra, xcos 6° RaL* cos &°

)+
Ra. #cos & ,0.333 .
L T
“ 5830 ) 1)
where,(xf: (|x] + x)/2 ( K4 )
b) If &°is between 75° and 900, then,
Nu = MAX( 1, 0.288x((LsRa *sin &)/H)0 25, 0.039% (Ra, *sin £)°2-3%) ()

L
where MAX indicates that, at any given value of Ra

L the largest of

the three quantities separated by commas should be used.

FLy

8° horizontal line

Fi%. K2
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Appendix L

Application of the method of distribution of solar radiation among

the surfaces of a typical glasshouse enclosure.

This is a characteristic example of application of the method
to a quite complicated solar system, a glasshouse of the shape and
dimensions of Fig.Ll. The glasshouse is orientated East-West. Both
surfaces 4 and 5 are the internal surfaces of transwall modules with
one glass plate in front of them, exactly as that described in section
1.4. Each other internal surface of the enclosure of Fig.Ll apart
from surface 1 (floor) is the internal surface of a 4mm clear float
glass.

The assumptions about solar radiation composition, spectrum,
type of sky diffuse radiation, type of reflected radiation from the
ground, ground reflectivity and so on, are as before for the test box
parallelepiped enclosure and Tables 2.3, 2.5 and 2.6 have been
used. Surface 1 (floor) has been assigned a reflectance of 0.050 for
every angle of incidence apart from 80° and 90°. The assigned
reflectance for these two angles of incidence are 0.100 and 1.000
respectively. The specularly reflected portion of radiation has been
taken as 1.0 for‘every surface apart from surface 1, taken as zero.

Because of the non-convex character of the glasshouse enclosure,
the glasshouse is separated into three parts, each making its convex
sub—-enclosure, to each of which the method is applied successively.

The first part consists of the two inclined rectangular glass
plates, the internal surfaces of which are the surfaces 7 and 8 of the
total glasshouse enclosure. This first sub—enclosure is the one shown
in Fig. 2.3 of section 2.2. The second and third part of the
glasshouse is the half south and half north glasshouse respectively.
Their sub-enclosures are actually symmetrical in respect to the
imaginary vertical plane passing through the middle of the glasshouse
and parallel to surfaces 4 and 5 (dotted plane in Fig.L1l).

The method is first applied to the first sub-enclosure and
some of the results are given in Table L1. Direct radiation is
only transmitted through the north glass plate by three polygons a,

b and c. These exit polygons a, b anc ¢ for the first sub-enclosure
are the entrance polygons of the third sub-enclosure. The method is
then applied successively to the gsecond and third part of the glass-—
house. These two last applications are repeated to take into account
reflected radiation from the other small part of the glasshouse,

initially neglected.
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With the assumption that radiation that escapes from the
second and third part of the glasshouse through the surfaces 7 and 8
of Fig. L1 , respectively, escapes from the whole gitasshouse once
and for all, Table L2 gives the final distribution of the
total solar radiation falling on the whole glasshouse, for 9 a.m.
solar time on the lst of January. A 99.6% of the area of each
surface shown in Fig.Ll has been considered as net glass area
for the calculation of values of Tables T1 and L2 s, to take
into account the frame of each side although the frame and the rest

structure has really much greater effect than this.

|_4.401m 1_‘4.563711 L4.563m l 4.404im

2.128m

2.49m

17.928 m

Fia.Ll .
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Table L1

Example of two inclined glass plates of a glasshouse,
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724 523
bl115 832

646
4788

264.4 -0.956 -0.238 -0.172 10051 10362 610

82.9 -0.758 -0.651 -0.039
186.7 -0.880 -0.460 -0.121

9.4 4.4 12.5 12.5 21.1 0.0

g 36.1 63.9 19.6 40.1

9.2 9.2 35.6 0.0

3.0 32.1 10.7 3.2

5.7 27.2 11.3 2.7

10 5B2.5 47.5
11 59.9 40.1
12 65.7 34.3
13 62.4 37.6
14 54.7 45.3

7.7 43.3 0.0

7.7
6.6
7.3
8.8

c

305.5 -0.956 -0.238 -0.172 11994 11501 705

218.9 -0.880 -0.460 -0.121

-0.180 16080 16080
107.9 -0.758 -0.651 -0.039

371.8 -0.982 -0.0

6.5 48.9 0.0

5.2 23.9 11.8 2.3

7.2 45.1 0.0

5.7 26.4 11.4 2.5

5584 976

6028

8.8 37.1 0.0

8.0 31.4 10.9 3.1
15 46.8 53,2 19.8 38.1 10.2 3.6 10.4 10.4 27.3 0.0

824 884

959
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Table L2
Example of a glasshouse with transwalls at the south and north
facing sides — Distribution of solar radiation - Assumption of

Air-Mass 2 spectrum. 1lst January, 9 am solar time.

Absorbed Radiation Absorbed Radiation
in KW % of total in KW % of total
Reflected 23.6 42.2 South transwall 7.8 14.0
radiation total absorbed
radiation (5)
Glasshouse 14.0 25.0 South transwall 2.0 3.6
floor (1) outside glass
Glasshouse 3.7 6.7 South transwall 1.9 3.4
floor, south front glass
half (18)
Glasshouse 10.2 18.3 South transwall 1.9 3.4
floor, north 1st liquid layer
half (1N)
East side (2) 1.0 1.7 South transwall 0.9 1.6
2nd liquid layer
East side 0.4 0.8 South transwall 0.2 0.4
south half 3rd liquid layer
{28)
East side 0.5 0.9 South transwall 0.9 1.6
north half inside glass
(2N)
West side (3) 0.7 1.3 North transwall 2.9 5.1
total absorbed
radiation (4
West side 0.5 0.0 wadjation (4)11 0.3 0.6
south half outside glass
(39)
West side 0.2 0.4 North transwall 0.4 0.8
north half front glass
(3N)
Ceiling south 2.3 4,1 North transwall 0.2 0.4
part (6) 1st liquid layer
Ceiling south
middle part (7) 1.3 2.4 North transwall 0.4 0.7
2nd liquid layer
Ceiling north North transwall
middle part (8) 1.3 2.3  3rd liquid layer 0.7 1.2
Ceiling North North transwall
part (9) 1.1 1.9 inside glass 0.8 1.5

Note :

1st liquid layer = £.2cm

2nd. 1iquic1 layer = 12.6 cm
3vd 1iquid layer = 1.2cm
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Table L3

Fractional average solar radiation (Total radiation =

wavelength
band

prm

0.3 + 0.315
0.315 + 0.4
0.4 + 0.51
0.51 =+ 0.61
0.61 + 0.7
0.7 + 0.8
0.8 + 2.1
2.1 + 4.1

0.600
0.048
0.161
0.1562
0.125
0.118
0.360
0.036

Air-Mass , Mr
2 4
0.000 0.000
0.028 0.011
0.130 0.107
0.148 C.142
0.138 0.142
0.119 0.150
0.397 0.403
0.040 0.045
Table 14

Average optical properties

wavelength
band

pm

0.3 + 0.315

0.315

o+

0.4

0.4 + 0.51

0.51 =+ 0.61
0.61 =+ 0.7
0.7 + 0.8
0.8 + 2.1
2.1 + 4.1

refractive
index of
water

1.348
1.343
1.337
1.333
1.331
1.330
1.318
1.332

extinction
coeff. of
water

-1
m

0.5546E-01
0.2669E-01
0.6549E-02
0.4688E~Q1
0.1627E+00
0.1130E+01
0.4942E+04
0.2005E+07

0.000
0.003
0.066
0.117
0.143
0.171
0.447
0.053

1.0)

10
0.000
0.001
0.040
0.091
0.137
0.184
0.484
0.063

of water and clear float glass

refractive
index of
clear float
glass

1.500
1.5138
1.515
1.513
1.510
1.510
1.513
1.510

extinction
coeff. of
clear float
glas§l
m
1126.7
131.2
9.6
8.4
18.7
33.6
39.6

244.8




Appendix M

A numerical example of the importance of the relative magnitude of

all the coefficients APC, APi, BPC of the set of fhe discretization

equations, APC*ép =:§ (APi%éi) + BPC on the convergence of the line—
i

by-line iterative solution.

The example is referred to two dimensions . Equation (3.31)
of page 154 has the following form:
APC(I,J)*4(1,J) = APL(I,J)%d(I+1,J)+AP2(I,J)xg(I~1,J) +
AP3(I,J)#4(T,J+1)+AP4(I,T)x4(1,J-1) +
BPC(1,J)
where I=1 to NI and J=1 to NJ
These are NIS equations (NIS = NI*NJ) with NIS unknowns. They can
represent the NIS equations of NIS nodes of a rectangular grid
written for a particular dependent variable $#. The rectangular
grid has NI columns and NJ rows. If a direct method has to be
employed to solve this system of NIS equation with NIS unknowns,
the solution § (K=1 to NIS) is given by the following matrix form
(4] =[ A —l}[B] where the dimensions of the matrices are (NIS,1)
for[ 4], (NIS, NIS) for [A] and (NIS,1) for [B] . The node K of
the direct solution correspond to node (J-1) % NI+J of the iterative
method. The following Figure Ml shows a rectangular grid with NI=3
columns, NJ=3 rows and NIS=9 nodes. The present example concerns

this grid:

1o i
o jo N

i
N

= |= = |~

o |io juo i

SN NG R o

= = = e

Ho o

= IR = -

o |io Juo |n

© & W Jw

Fig. Ml
Table M1 gives the values of the coefficients AP1, AP2, AP3, AP4

used in every case.

Table M1
Values of coefficients AP1, AP2, AP3, AP4.
J= 1 2 3
I= 1 2 3 1 2 3 1 2 3
AP1(I,J) ~1.0-0.7 0.0 -0.6-0.4 0.0 =-1.6-1.0 0.0
AP2(I,J) 0.0-0.8-0.9 0.0-1.4-.2 0.0-1.4-1.2
AP3(I,J) ~0.9-41.1-1.3 ~1.4-0.4-0.7 0.0 0.0 0.0

AP4(TI,J) 0.0 0.0 0.0 -1.0-1.3-0.8 ~1.1-1.4-0.9
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Table M2 gives three different sets of values of coefficients
APC. The three sets differ from each other only for values

of nodes (I=1, J=1) and (I=1, J=3).

Table M2
Values of coefficients APC
J 1 2 3
I 1 2 3 1 2 3 1 2 3
set 1 2.0 5.0 4.0 4.0 2.0 6.0 1.0 3.0 3.0
set 2 5.0 5.0 4.0 4.0 2.0 6.0 3.0 3.0 3.0
set 3 10.0 5.0 4.0 4.0 2.0 6.0 10.0 3.0 3.0

Table M3 gives two different sets of values of coefficients

BPC. These two sets differ from each other by a constant

value.
Table ™M3
Values of coefficients BPC
J 1 2 3
I 1 2 3 1 2 3 1 2 3
gset 1 -0.2 -0.3 -0.4 -0.4 -0.4 -0.5 -0.2 -0.8 ~0.4
set 2 ~-55.2 -55.3 -65.4 -55.4 -55.4 ~55.5 ~-55.2 -55.8 -55.4

Table M4 gives the solution of the set of NIS=9 equations using
a direct method (Gauss elimination method) and the line-by-line
iterative method, for gix different pairs of sets of values of
APC and BPC coefficients. The first estimate of the solution of

the iterative method was always zero for every node.
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Appendix N
Comparison of l-dimensional ray-tracing techniques with infinite

and finite number of internal reflections.

Table Nl gives a comparison of different l-dimensional

techniques for 0° angle of incidence for the transwall system element
(section 1.3). The one reflection technigque is for reflection at
the inside interface of the outside glass plate. An amount of
energy (8.91% for the no internal reflections case and 5.43% for

the one internal reflection case, of the total incident radiation)

is not taken into account at all, if the infinite number of internal
reflections technique is not employed (round off errors cause the

0.1% deviation from the true value in its case).

Table N1
Optical properties of transwall element, calculated with different
1-dimensional techniques. (Incident radiation = 100.0), Air-mass 1.

0° angle of incidence.

infinite number no internal one internal
of internal reflections reflection
reflections
total
reflectance 11.3 4,166 7.12
total
transmittance 38.8 38.41 38.41
absorptance of
outside glass plate 13.5 12.68 13.20
absorptance of
front glass plate 12.0 11.79 11.79
absorptance of
liquia 19.8 19.7h 19.7h
absorptance of
back glass plate k.5 L.31 h.31

99.9 91.09 ok .57
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Appendix P

OPTIMIZATION OF SOLAR SIMULATORS

G. Paparseénos

Mech. Eng. Dept., University of Glasgow,
Glasgow G1Z 80Q, U.K.

ABSTRACT

The individual lamps of a.solar simulator have differing outputs which may be a
function of time. The uneven flux produced can be corrected by varying the lamp outpul
or by changing the position of the lamps. The {ormer method can be difficult and
expensive depending on the type of lamp. This method examines the latter alternastive.

The tedium of trial and error lamp arrangement con be eliminated by applying thé

. methods of. operational research to optimize the relative outputs of the lamps, the

position of the lamps, divergence of beam, etc. The method is verified to a low coetl
12 lamp 3.5 ki solar simulator for air mass 2.

KEYVORDS

Solar simulator; optimization; integer programming; irradiance uniformity; volume
uniformity; subtense angle.

INTRODUCT XON

A solar simulator of direct radiation usually consists of an array of N light sources
(lamps) thatl are positioned at N different pusitions on a mounting plane, that in at
dislunce ¢ froa the test plane. The following considerations are csscential: 1. The
average total irradiance on the test plane; 2. the uniforrmity of Lotal irradiance;

3. the volume uniformity; 4. the subtense angle; and 5. the spectral distribution of
the produced radiation. The work deals directly with considerations 2,3 znd 4, but
takes into account the remaining two.

THE THEDRETICAL ANALYSIS

Dptimization of the Uniformity of Jotsl Irradiance over a Specificd Area of the Test
Plane

K points are specified on this area of the tesl plane. IF Iy, (k = 1 to K) is the
irradiance at the point k then the aim is to find what position w (u = 1 to N) on tre
mounting plane the light source v {v = 1 to N) .should take jin order to minimize

934
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[1}»-1gx*], where Ix is the maximum irradiance (at point k*) and Iixx s the minimum
irradiance {at point &**). Thot is, Lj»>I)>I., , k=1 to K.

The requirenments are: 1. Relstive radiant ou%put of each lanp, R,, v=1 to N,

2. Distribution of irradionce in the lest plane from each light source v, f,(x),

(v=1 ti N) and x the distance from the peint x=0, that is the projection of the
centreflight source v on the test plane. This dJeribution normaliccd at x=0, gives .
Fy{x). If uyy, is the distunce of the point k from the projection of the position u
of the mounting plane on the test plone, then, 5, v:F“(qku)’ k=1 to K, u=1 to N,

v=1 to N. The quantily G, is defined in the following way:

Gyp=1, il the light® source v takes the position u
Gyu=0, if the light source v does not tuke the position u, for v=1 to N, p=1 to N (1)

Because cach light source v takes only one position u,:EE%Gvu=1, v=1 to N (2}
l_[:

Because each position p is taken by only one light sOUrce v, = Gvu=1. u=1 to N (3)

Then, the irradiance of the point k is: ::?; = uu.Rv'Skuv , k=1 to K

IF [Gypl, (v=1 to N, u=1 to N), is on arbitrary position of the N light sources at
the N positions on the mounting plane (a solution of the system of equations (1),
(2),(3), an upper bound B and a lower bound b of irradiunce will occur:
B=Ik*> Iy >1pxx=b, for-k=1 to K. An improved uniformity would occur if we could
decrease the difference B-b. This can be done solving the two separate problems of
(A1) lowering the upper bound B and (A2) raising up the lower bound b. A new
difference B-b will be produced in each csse. We compare these two differences and
adopt that solution as an improvement which gives the smaller difference B-b, This
is repeated until the upper bound cannot be further lowered and the lower bound
cannct be further raised, Then, the optimum solution of minimizing the difference
[Ty e-Ixxx] has been achieved. Each of the problems (A1) and (AZ) has the following
expression:

(A1) minimize [Igx], under the constraints (1),(2);(3) and 1B, for

k=1 to k¥*-1, k=k*+1 te K {4)
(AZ) meximize [Ipxx], under the constraints {1),(2),(3) and Xi3b, for
k=1 to k**-1, k=k**+1 to K~ (s}

Converting the equalities (2) and (3) into inequalities and wsing the relation

Gyu=Yx where, v=1 to N, p=1 to N and a= N(v=-1)+u (x=1 to N° N}, the final mathematical
expreleons of (A1) and {A2) are formed that are the typical expregsLOW of integer
programmlng problem.

(A1) min "fz%ck*A.YA ' ( Ik*t2§;tk*k , under the constraints:
NN
. = - D |Y .
%E“ Y. <1 , 521 to 2N ; Z ;
N'u -
" Ckl YXQB y k=1 to k*-1, ksk*+1 to K ; and YA , Dort
The solutlon oF the problem (A1) is Y, o rz1 to N.N.
(A2) min _ZZ%CR**A N s ( Ik**égg;tk**a.vx)’ under the constraints:
l,N
2 E Y- , 6=1 to 2N %DA'YA@ T
N N
= 1 'Y < Z%th , k=1 to k**-1, k=k**+1 to K s and YA , Oor 1.,
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The solution of the problem (A2) is Yy=1-Yy, a=1 to N-N

vwhere Lg3=1 , when 8=1toN and A=(6-1)*N+1 to &°N

or 6=N+1 to 2N and a={s-N) or N+{&-N) or 2N+{s=N)...or (N-N-1)+(s-N)
otherwise Eg,=0 ;

2N

DA:JEE%EGA sy Azt to NN = DA=—2, for a=1 to N-N ;
b1 N
D=1 =%()=-2-N P = N-1)=-2N{N-1 ;
= ) ; Q 2 (N-1) {N-1)
CkA:Rv.Skuv ) for k=1 to K , u=1 to N, a=(u-1MN+1 to u-N and

vzh to N(u-1) .

For both cases, there are NN unknowns (:Yy, x=1 to N-N) and 2N+K constraints.

Sensitivity Analysis of the Unifurmity of Tolal Irradinnce over a Specified Area
of the Test Plane

1. The change of the uniformity ol the total irradiance over the specificd area of
the test plane by replucing an existing lamp v by a new one of different output or
by imposing a different voltage V across the existing lamp v, is examingd by the
sensitivity analysais.

The output of a lamp and the resulting spectrum are functions of the imposed voltage
V (Ryzog(V)}. Limits are imposed on the range of the voltzge V (Vmin, Vmax) and
also en the ranae of relative radient output of each lamg {(Rmin, Rmax) by the
requirenents for the average totul irradiance to be higher than a specific value and
tise resulting spectrum to match o specified spectrum (e.g. of air mass 2).

2, There arc two main determinants of the irradiahce distribution, rv(x). The
divergence of the beam and the distance d, betucen the test plane end Lhe mounting
plune of the light sources. The First is determined by the desicn of the lanp
(discharge length of the lamp, the spherical pasrabolic contour behind the lamp,
etc.) and/or the distance 1 betvicen the lamp and its lens in the case of a
simulator that uses a combination of ane 1mmp and one lens inctead of one lamp only
(in this case, the distance d is referred to the distance betwoen the test plane
and the lenses mounting plane). The sensitivily znalwsis using different distribution
functions fy{x), gives information about the appropriate divergence of light (and
s0, the sppropriate design of the whole syslem of u lamp and/or the combinatiop of
cne. lamp and one lens) and the appropriate distonce d in order to have a specific
uniformity over the specified area of the test plane {(:valune uniformity).

3. Finally, the scnsitivity analycis gives information about the appropriate
relative location of cach of the N different pesitions on the mounting plane for a
specified irradiance Jistribution function, fy(x).

The quontity Sy is o function of gy, which in its turn is a function of the

relative location of each of the N pesitions on the mounting plane.

Subtense Angle of tle Radiation

The subtense angle is deflined as that angle of a cone centered on the normal to the
Lest plane within which 95% of the incident radiation exists. The subtense angle
is caleoculated for every point k of the test planc (k=1 to K) for lhc various cases
«z.g, arbitrary position of the N lamps, optimuw position, etc.}. A trial and
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Qi%hji SDuch;e ) {:(65{_ e;ior agfroach
meountin prane ane - allows e
égil~.___ 4 P calculation of

7] £L._::-._A A the radius r of
@ — :—EC — the base circle
u h% ~ of the subtense
Gt Selirce angle cone.

ares ' Figure 1 gives
The ﬁ,\‘l(:.x’le\.l. arecx. of Lhe Qa(n’l o . details of this

3 E . ,é : h
conlribulisto Lhe 999 of the Llolal irrxdiance approach.
r.{[-U\e point #®. Subtense cmaﬁe: f? :Qur‘(.’x.m(r}d)

Fig. 1. Subtense angle calculation.

EXPCRIMENTAL VERIFICATION

Computing programmes based on the theoretical analysis have been developed. The
HOZ2BAF NAG subroutine is uscd to solve the integer programming problem.

Some of the analytical results are verified on a small scale, air mass 2 solar
simulator of lamp-lens combination of the same construction and details as that
suggested by Grimmer and Bronisz (1979). The 12 Gen. [1. ELH Quartzline projector
lamps with dichroic reflectors are mounted on an aluminum sheet, with holes for the
lamps, as Fig. 2 shows (N=12). The 12 Fresnel lenses are mounted on a plyweed sheet
with hexagonal holes for the lenses as Fig. 3 shows. The distance 1 between lamps
and lenses can be varied. Twenty-Tive points (k=z25) arc specified on the test plane.
The points are the projections of centres of the lamps and the centres of the
triangles formed between the lamps on the test plane, that is parallel to the lamps
and lenses mounting planes, as Fig. 1 shows. .

- 3F6.2cm | ' RiIXN !

= - )

150 cm £

ok €3
Refche (LI
,©.89.09 SO

O @ (IO

fFig. 2. Aluminum lamp-mounting sheet Fig. 3. Lens-mounting sheet.

0
®

146\
<m
36.2Cm

The irradiance on the test plene was measurcd by a Moll-Coreczynski pyranoweter.

Results
V = 102.3 Volts, 1 = 29 cm, d = 340 cm V = 102.3 Volts, 1 = 35 cm, d = 270 cm
Uniformity: + 23.6%, - 24.9%, + 15.1%, - 18.1% calc.

+ 26.1%, - 22.9%, +17.1%, - 20.0% meas.
Optimum position:
lamp 123456 78 91011 12 12 3 4 5 ¢6 7 8 9 10 11 12
position 13264512811 7 910 13 2 6 4 5 12 8 11 7 9 10
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TABLE 1 Analyticol Prediction of Tntal lrradiance Iy (w/m?) and
Subtense angle ¢ (dog.) Heasured lTotad Jriwdiance IP(w/m?)

¥ = 102.3 Volts, 1 = 29 cm, d = 340 cm V = 102.3 Volts, 1 = 35 cm, d = 270 cm
kK oIp L, ¢ kI I, e R | e k Iy I ¢
1 532 543 10.2 13 548 560 11.0 17469 afh 9.8 13 445 Q%& 10.8
2 590 57t 9.4 14 522 528 10.8 2 485 460 5.0 14 435 417 10.8
3 588 536 10.2 15 541 552 10.8 3. 430 424 10.2 15 467 435 0.4
4 416 414 11.2 16 555 552 10.8 4418 364 10.6 16 453 431 10.8
5 441 438 11.0 17 471 464 10.8 5 397 381 10.4 17 430 402 10.4
6 452 442 11.0 108 469 472 11.0 6 371 373 10,2 18 414 402 10.4
7384 356 11.8 19 496 515 10.4 7 376 338 9.8 19 456 442 10.0
B 361 354 11.8 20 510 51% 10.4 k331 329 9.8 20 460 440 10.0
9 366 412 10.6 21 454 469 11.0 9 302 388 8.8 21 394 396 10.4
10 385 414 11.0 22 476 4L% 11.0° 10 379 402 8.8 22 425 396 10.4
11 375 351 13.4 23 445 455 10.4 11 332 331 10.6 23 405 396 9.6
12 377 351 12.0 24 492 517 10.0 12 358 326 10.4 24 460 460 8.6
N 25 455 451 10,8 25 396 393 10.0
o a :
o F V=102, volts
:z 3
a!! 7
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'Z; e R E25cim
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Fia. 4, Relstive irradiance as Fig., 5. Tyvpicu! irradisnce dastributiconf(x),
furctiocn of lamps voltage. . as function of the distance x, normnalized at

X=0.
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