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ABSTRACT

The Bairg-type solar collector is a solar air-heater, utilising black
shade-éloth as the absorber, that is incorporated as part'of the roof of
a greenhouse. It is intended to be used, in conjunction with a heat
storage device, to provide greenhouse heating (and cooling), and so to
assist in mainfaining an dptimum greenhouse plant-cultivation
environment.

An analysis of a Baird-type integral gfeenhouse solar collector is
presented in this thesis. This has involved designing and building a
solar simulator, which was used to test the performance of a model of a
greenhouse-integral solar collector. The experimental results thus
derived were compared with results generated using va theoretical
heat-transfer model‘of the solar collector and show that, on average,
the theoretical model was capable of predicting the model solar
collector heat-gain to within six percent of the measured values.
Predictions of performance were made for various input conditions, such
as high-and low values of inlet-air temperature, different ground
temperatures, différent mass-flowrates and raéiation intensities.
Although subject to the input conditions, the results indicated an
efficiency of solar energy collection of about 35 percent for the model

greenhouse solar collector.

The theoretical model was used (with appropriate modifications), to
predict the performance of a "life-size" Baird-type greenhouse integral
solar collector. Predictions were made for average conditions in the
Cape Peninsula for the months of January and June. Assuming zero
windspeed, a collector efficiency of approximately 42 percent is
anticipated for most of the January day and approximately 33 percent for

most of the June day.
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CHAPTER ONE
IFTRODUCTION

Greenhouses provide a controlled growing environment because of the
protection they offer from insects and pests and from weather extremes.
As a result of the greenhouse microclimate it is possible to grow
seasonal crops on a year-round basis as well as increase production as

much as ten-fold (Kerr (1)).

However, in many instances heating (or cooling) is needed to maintain
desired greenhouse temperature levels. The most common metho&s of
greenhouse heating make use of energy sources such as electricity,
kerosene, o0il and liquid petroleum gas. Greenhouse cooling is achieved

by either natural or forced venting.

te1 THE GREENHOUSE SOLAR AIR-HEATER

Greenhouses derive their daytime energy input from the sun. They can be
considered as large solar collectors with zero air flowrate through them
- the plants’and ground surface acting as the absorber. A greenhouse
solar air-heate; 'is proposed as an alternative energy source to those
listed above to mainfain optimum greenhouse air temperatures. Since the
heating demand 1is greatest at night, the solar air-heater could be
coupled with some form of energy storage device. Usevof such a system
can result in an ideal arrangement where heat stored during the day is

used for nighttime heating.



1.2 THE SOLAR-ASSISTED GREENHOUSE

A solar-assisted greenhouse can be defined as one whose heating
requirements are either completely or partially satisfied by a solar
heater. There are many different types of solar-assisted greenhouses - a
review of these is presented in Chapter Two. This thesis investigates
the performance of a Baird-type greenhouse solar collector proposed by

Baird, Waters and Mears (2).



CHAPTER TWO
LITERATURE SURVEY

2.1 THE SOLAR-ASSISTED GREENHOUSE

The potential benefit resulting from a controlled growing environment
appears to be significant. Appendix 1 contains a summary of information

regarding temperature levels and insolation requirements for optimum
greenhouse crop cultivation. However, it is evident in the 1literature
that very 1little work is reported concerning greenhouse integral solar

heating systems.

.Winegarner (3) suggests the use of a selective baffle collector as part
of the roof of a greenhouse. It separates the inciéent solar energy,
through the use of a selective coating, into Photosynthetically Active
Radiation (wavelength 1less than seven hundred micrometres) and Heat
Radiation. The PAR portion of the light is passed on through the roof to
the growing area, whilst the HR portion is absorbed by the baffle. By
circulating air across the baffle the HR portion is transferred to a
rock storage basin and can then be directed into the growing area when

needed.

Damagnez (4) proposes using a double-skinned greenhouse roof through
which a solution of water and copper-chloride is passéd. This solution
acts as a selective absorber - Dbeing transparent to the visible
wavelengths yet having a strong absorption in the near infrared. Heat

collected is stored in a subterranean tank.



Winegarner”s (3) and Damagnez’s (4) papers are descriptive in nature and
do not include any mathematical statements of the heat-transfer

processes involved.

Baird, Waters and Mears (2) have built and tested a fullscale solar

greenhouse heating system utilising an integral solar collector and a

rock-bed thermal storage system.

Air

————: M—u-—-—q—---—-nso—lﬂ-- ————————
Inlet collector
' + valve
Greenhouse Growing Area
valve
fan
kalve ( 5T
ey reyiy ' 4 & (G o v o o
L..-.o :Ollv"“.-°..
j . . .-_ . * Rock -~ Bed . ., "
—P ...._- [ 0_0 - . ¢ e .t 0 [ L4

FIGURE 1: Baird, Waters and Mears” solar-assisted greenhouse (2).

The design coneists of a solar collector built into the roof of a
tunnel-type polyethylene greenhouse. The collector is coupled to a
rock-bed heat storage device. Air is blown through the collector and

storage medium by means of a fan.

The collector can be thought of as an attic in the greenhouse roof. It
is formed by dividing the hot-house into two sections with a sheet of
clear-polyethylene. The lower section is the plant cultivation area and

the upper section is the solar collector. A woven, high-density,

-4



carbon~black impregnated polyethylene net is suspended in the middle of

the collector and behaves as an absorber of incident radiation.

During heat collection air is introduced from the atmosphere and passes
through the solér collector where it absorbs heat from the net. From
here it is ducted to the rock-bed. When heat is to be added to the
éreenhouse, ambient greenhouse air is circulated thrbugh the rock-bed

and returns to the growing area in a heated state..

It is a characteristic of this Baird-type solar collector that daytime
insolation on the plants is reduced as a result of absorption by the net
and the. extra polyethylene cover. However, use of the stored-heat will
result in increased nighttime greenhouse ambient-air temperature. The
desirability of this varies according to the regional climate and the
crop under cultivation. For example, the existence of infrared spectrum
in sunlight can lead to excess heat being generated in the greenhouse.
This is especially true of hot, arid regions. Sayigh (5) cautions that
clear night skies can cause such rapid cooling that plants can die from
cold shock. The South African hinterland, comprised to a large extent of
semi-desert, is hot by day and cold at night. It is here that the
integral greenhouse solar collector could excel. Sayigh (5) confirms
this, saying that for tropical and sub-tropical areas a combination of
shaded plant with rock-bed storage is applicable. The Baird-type

greenhouse solar collector will assist in these functions.

Baird, Waters and Mears (2) measured parameters such as collector
air-temperature, rock-bed temperature and collector efficienc&. However,
 their results are all empirically derived and no analytical moédel for
the netting-cloth absorber integral-greenhouse solar air-heater or

rock-bed storage system is presented. In fact, there is very little

~5-



evidence of any theoretical work related to the performance of
greenhousé’ integral solar-heater systems in the literature. In contrast
to the above, a considerable amount of work has been reported on the
various aspects of heat-transfer in solar collectors, the simulation of
solar radiation and rock-bed heat storage. Some work has beeq directed
towards understanding the thermal behaviour of a greenhouse environment
due to what is known as the "greenhouse effect"”. Examples of energy
balance models of this phenomenon can be found in Whittle et al (6),

Walker (7), Takakura et al (8), McCormick (9) and Duncan et al (10).



2.2 THE PERFORMANCE AKD ANALYSIS OF SOLAR HEATERS

The performance of flat plate collectors is described by the

Hottel-Whillier equation (Hottel et al - 11) as:

Q, = Ap.I.(Ta) - A@'Ut'(Tp—Ta) N G Y

The derivation of +this equation is based on the solution of the
simultaneous energy-balance equations that eiist for the collector
componen%s and the fluid medium. Although the equation was originally
formulated for a sheet and tube water-heater, Whillier (12) and Bliss

(13) have shown that the generalised relationships apply to most

collector designs.

Beckman et al (14) have rearranged the equation and present it as:

J

q. = F .((10) I =TU,(T.=T )) tevrrrnnninnncnnnenane. (1b)
u r e L1 Ta , _
Division of +this equation by the insolation results in a useful

expression that yields the output-to-input energy ratio i.e. the

collector efficiency:

n = qu/I

Fr.((m)e - Uz.((Ti;Ta)/I)) cereeresesaesseesaess (1C)

If the effective transmittance-absorptance product and the overall
collector . heat-loss coefficient and the collector heat-removal

efficiency factor are constant, then the efficiency can be expressed as

a straight line function of intercept " Fr-(TQ); and slope "Fr'UL“ where

~7-



the dependent variable is 1 and the independent variable is

'KTi - Ta)/I ". The Bundesverband Solarenergie (BSE) (15) has compiled
guidelines for solar collector efficiency testing, which specify the use
of this straight line efficiency equation to characterise collector
efficiency. In addition to West Germany, the U.S.A., Britain and France
have all standardised on the use of the Hottel-Whillier equation

(Equation 1) to specify solar collector performance.

It seems that the attempt to categorise performance of the more complex
collector configurations with the Hottel-Whillier equation is
self-defeating in that the theoretical analysis becomes more complicated
than 1is necessary, for the sake of presenting performance
characteristics in a standardised manner. Consideration of the following
points serves to reinforce this opinion. The BSE group (15) acknowledges
that a shortcoming of the efficiency equation approach is that the
effect of different air speeds around the collector is not taken into
account and thus specify that different efficiency equations be derived
for different windspeeds. Aranovitch and Roumengous (16) point out that
the effective transmittance-absorptance product is not constant in that
it is influenced by incident radiation angle and that the overall
' collector heat-loss coefficient depends on thermal processes involving
thermal conduction, radiation and natural convection and can only be
considered temperature independent as a very first approximation. The
collector efficiency factor is not only a function of collector geometry
but also depends on the fluid viscosity (which is temperature
dependent). Aranovitch et al (16) thus stress that it is difficult to
represent the thermal efficiency as a linear function and propose that

the collector efficiency be more precisely represented by a polynomial



function such as:

= . .-T . - 2 LRI B Y
M a+b (T1 a)/I +c (Ti Ta) /I +

e + d.(Ti-Ta)n/I cee. (12)

where a, b, ¢ and d are constants

This does not address the true nature of the problem in that a, b, ¢ and
d are only approximately conétant. For example, the collector
heat-removal efficiency factor, which is a component of a, b, ¢, etc.,
remains relatively constant for a particular collector over a wide range
of flowrates when water is the fluid medium, but there can be
significant variation in its value over the range of flowrates wused in
air-heating collectors as shown by Beckman et al (14). So the values of

a, b, and c etc. will vary in practice!

Thus the use of the Hottel-Whillier efficiency equation (Kottel et al -
11) for collector performance presentation is limited in that each
efficiency equation, whether a straight line function or a polynomial
curve, 1is strictly speaking only applicable for a specified, constant
external windspeed and =& specified, constant collector  fluid
mass-flowrate. The generality of the pérformance equation is therefore

lost if attempts of accurate performance predictions are to be made.

Duffie and Beckman (17) and Parker (18) have derived efficiency and
overall 1loss factors for various types of solar collectors. The
derivations of the collector heat-removal factor and the collector
overall heat-loss coefficient for the Baird-type of greenhouse solar
collector are not included in these analyses and were not found in the

literature. It is clear from their results that the derivation of the
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collector heat-removal efficiency factor and the overall collector
heat-loss coefficient becomes tedious and difficult for moré complex
collector configurations. Their analyses are for collectors with opaque
bottoms and glass covers. This implies that transmission of longwave
radiation is ignored and the analyses consequently do not apply to
collectors whose covers are semi-transparent to longwave radiation, such
as polyethylene. A f;rther disadvantage of the Hottel-Whillier
efficiency equation (Hottel et al - 11) type of collector performance

presentation is that examination of empirical results does not readily

allow performance predictions for collectors of different dimensions.

An alternative approach for the theoretical analysis of complex solar
collectors is documented by Selcuk (19). Investigation of his approach
reveals that he derives energy balances for all system components and
the s&stem fluid. These form a set of simultaneous equations. Instead of.
manipulating these to yield expressions for the collector heat-removal
factor and the overali collector heat-loss coefficient, he chooses to
solve the equations numerically so as to provide solutions for the
output variables (such as air-outlet temperature, absorbef-plate
temperature etc.) for a given set of input conditions (such as solar

radiation intensity, ambient air temperature etc.).

This thesis makes use of a similar theoretical approach as described
above to analyse the performance of the Baird-type greenhouse solar

collector.

An advantage of working with the fundamental energy balances is that all
" the heat-transfer mechanisms can ' easily be included in the
heat-transfer model. (Because of the difficulties that arise if the

collector heat-removal factor and the overall collector heat-loss
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coefficient are to be evaluated, the heat-transfer processes are often
rationaliséd to include only the most important heat-fransfer
mechanisms). In addition, it is felt that perhaps‘ more accurate
performance predictions can be made by consideriﬁg finite elements along
the length of the collector and evaluating local values of parameters
such as heat-transfer coefficients etc. rather than the average
collector values as is commonly used in the efficiency equation approach
(Hottel et al - 11). However, this numerical approach does not allow
collector performance to be presented as convenientlyr as the
Hottel-Whillier equation and requires that a -complete analysis be
performed for each different set of input conditions in order to predict

collector performance.

2.2.1 The Black-Netting Forced-Convection Heat~Transfer Coeffiéient

The prediction of collector performance has as a prerequisite the
knowledge of the absorber convection heat-transfer coefficient. Parker
(18) has done sensitivity analyses of collector performance and
concludes that the heat-transfer coefficient between the absorber and
the transport fluid is of key importance to collector performance. The
literature on heat-transfer coefficients is not yet complete and there
is a lack of information regarding heat-transfer coefficients for porous
media. There 1is apparently no information available on the convection
heat-transfer characteristics for the type of black-netting used in the
Baird-type greenhouse solar collector investigated in this thesis.
Consequently, an experiment was designed and tests were performed to
establish the order-of-magnitude of the black-netting forced-convection

heat-transfer coefficient. For more detail, refer to Appendix 2.
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2.2.2 Radiation Properties of the Collector Materials

The literature contains frequent reference to the possible use of thin
transparent films as covers for solar collectors to replace glass. It is
often mentioned that plastic covers, unlike glass covers, are not
completely opaque to the longwave radiation ehitted by the hot surface
of the collector absorber. Whillier (29) and Tabor (30) have
investigated the 1longwave and shortwave radiation transmittance of
various plastic films and glasses. The results show that there are
substantial variations in the results depending on the type of radiation
as well as the type of glass or plastic used. Appendix 3 includes
results of tests conducted to evaluate the shortwave and longwave

radiation properties of the solar collector materials.
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2.3 SOLAR SIMULATORS

For solar energy research the variability of outdoor conditions presents
difficulties - thus indoor testing in a controlled environment using
solar simulators is desirable. The BSE Working Group (15) has specified
some preliminary guidelines for the design of solar simulators. The most
important criterion is that the simulator radiation spectral.
distribution should resemble as closely as possible that of solar
radiation for Air Mass numbers 1 to 2, where +the Air Mass number is

defined as:

m = secant(B) ittt et veeees (20

An approximation to the Air Mass 2 spectral distribution has also been
suggested by Moon (20) and Benning (21) as a reasonable criterion for
solar simulator source selection, and this basis has been used by NASA
(22) and by Gillett in the Cardiff University simulator (23). Other

factors to be considered include:

(a) the uniformity of radiation intensity on thebcollector plane.
Gillett (23) and the BSE group (15) state that a variation of up to ten
percent from the mean flux intensity may be considered satisfactory for

a simulator source.

(b) it is desirable that collector incident radiation be as parallel as
possible. This criterion is most important for testing concentrating
devices where, according to Gillett (23), departure from parailelism has

a strong effect on the concentration ratio. If the beam divergence is
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large, this may also be important for devices using covers whose

transmission coefficient is a function of incidence angle.

(c) the.simulator should be able to provide radiation over a range of
incidence angles. Azimuthal variation can be provided by turning the
test surface in the horizontal plane. However, it is not possible to
simulate solar altitude variations by changing the tilt of the test
surface because mechanisms of heat-transfer within and on the surface of
the solar collectér often rely on natural convection processes. The
simulator radiation sources should therefore be able to move through a

ninety degree arc to cover the full range of possible solar altitudes.

The most suitable light for a solar simulator radiation source is the
subject of some controversy as seen in Benning (21), Yass et al (22),
Pekruhn et al (24), Beeson (25), McMillan et al (26) and Gillett (23 and

27). The most commonly used lights include:

(1) Xenon Arc
(2) Tungsten-Halogen Quartz

(3) Compact Source Iodide Arc

A detailed analysis of these lights and the design of a solar simulator

used in the experiments is included in Appendix 4.

2.3.1 Effective "Field-of-View" Temperature

The main radiating surfaces within the collector field-of-view are the
walls, ceiling and floor of the test cell. Preferably, these have to be

maintained at a known, uniform temperature. The light sources may take
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up a significant proportion of the field-of-view of the collector and
hence the temperature of the lamps will affect the collector-environment
radiation heat exchange. Gillett (23) specifies that the effective
field-of-view temperature in a solar simulator is normally taken to be
ambient air-temperature, whereas the field-of-view temperature outdoors
is specified by Parmelee (28) to be three degrees Kelvin below
ambient-air temperature for a completely overcast sky and by Whillier
(12) to be six degrees Kelvin below ambient-air temperature for a clear

sky.

Thermal radiation from the lamps and lamp housings may be either in the
form of a focussed beam or a diffuse emission. If the lamps have open
reflectors then the thermal radiation may form part of the beam and in
this case Gillett (27) states that the thermal radiatibn can be very

high. If the lamps have a cover glass then this will absorb thermal

radiation and re-emit diffusely from its front surface.

2.3.2 Diffuse Irradiation Corrections to Collector Efficiency

According to Gillett (27), the (CSI-lamp solar ~simulator produces a
negligible quéntity of diffuse short-wave radiation. Consequently
collectbr performance measurements made 1in the simulator apply for
direct radiation only. However, Gillett (27) claims that in steady-state
outdoor testing on clear days there 1is usually between fifteen and
twenty five percent diffuse irradiation. He concludes that for single
glazed collectors a comparison of simulator and clear-sky outdoors test

results will show simulator values about two percent higher than the

outdoor results.
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In general, it appears that the use of solar simulators for the
experimental evaluation of solar system performance is considered
acceptable if the simulator is designed with the abovementioned criteria

in mind.
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CHAPTER THREE
THEORY

Since air is being forced through the solar collector for the purpose of

collecting heat from the black-netting, the enthalpy gain of the air can

be expressed as:

Q = r'n.Cp.(Tout-T. ) &2

The evaluation of the collector heat-gain " Q " is accomplished in
experimental conditions by measurement of the mass-flowrate and the
‘inlet and outlet-air temperatures. The theoretical prediction of the
collector heat-gain requires the calculation of the outlet-air
temperature for a specified set of input conditions (which includes
fluid maés—flowrate and inlet-air température). The outlet-air
temperature 1is calculated by considering the energy balances that apply
to the collector components and the. fluid medium and solving the
resultaﬁt set of simultaneous equations. In formulating the energy

balances some assumptions have been made:

(a) Heat flow by conduction through the edges of the covers and the-
black-netting is assumed to be negligible. A sample "worst case"
calculation is included in Appendix 5, which shows that conduction
heat-transfer from cover to cover or black-netting is less than half a

percent of the input energy.
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(b) longwave radiation reflections between the collector surfaces are
not taken into account. The reflected thermal energy is of minor
signifiéance, being a second order effect, taking place between surfaces

of only slightly different temperatures.

(c) the polyethylene greenhouse side covers are ignored as they are not

part of the collector.

(d) the greenhouse ambient-air and ground temperatures are assumed to
remain the same as the outside ambient-air and ground temperatures
respectively. (The scope of this thesis does not include the prediction

of greenhouse climatic environment).

(e) the fluid (in this case air) is assumed to be transparent to both
longwave and shortwave radiation. (Holman (41), on the subject of gas
radiation, states that air can be regarded as radiation-transparent at

low temperatures).

Neither the geometries nor the cross-sectional areas of the top and
bottom sections of the model collector are similar. Appendix 6 contains
an analysis of the flowrates through the collector, where it is sho#n
that about forty-eight percent of the total mass-flowrate passes through
the bottom section and about fifty-two percent passes through the top
segtion of the collector respectively. A consequeﬁce of this is that the
boundary layer growth of the top and bottom sections does not progress
at an equal rate, nor does the onset of fully developed flow occur
simultaneously. Appendix 7 contains an investigation of the boundary
layer growth for the collector. From this analysis it can be concluded

that the range of testing embraced three flow regimes:
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(1) undeveloped flow
(2) semi-developed flow

(3) fully developed flow

In this thesis the onset of fully developed flow is defined as taking
place when the boundary layer thic;ness of one plane, for flow between
two planes, becomes half the distance between the planes. Conversely,
undeveloped.flow exists when the boundary layer thickness of a plane is
less than half the distance between the planes. In both cases, identical
flow patterns are established in the top and bottom collector sections.
On the other hand, semi-developed flow occurs in the model when (for a
given element) flow is fully developed in the bottom section whilst
still developing in the top section. According to Kays (42), if the
Prandtl nuﬁber ‘'of the fluid is unity (for air the Prandtl number is
approximately unity), then heat and momentum are diffused through the
fluid at approximately the same rates. Thus boundary layer thicknesses
referred to in this thesis may be derived from hydrodynamic boundary

layer theory.

The derivation of the collector longwave radiation electrical-analogy
circuit is given in Appendix 8 and- the reader is referred to this
section for an explénation of the thermal radiation terms that appear in

the following heat-transfer equations.
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3.1 THE COLLECTOR ENERGY BALANCES - DEVELOPING FLOW

In the derivation of the following heat-transfer equations, the boundary
layer thicknesses in both the top and bottom sections are taken to be
small enough that flow remains undeveloped. Thus all convection
heat-transfer coefficients of the collector ‘internal-surfaces are

related to flat-plate heat-transfer theory.

(a) The Energy Balance on the Fluid in the Top Section of the Collector

+

(1) forced-convection heat-transfer from the black-netting to the

fluid

(2) forced-convection heat-transfer from the fluid to the top cover

+

(3) fluid heat-gain

Top Cover

2
Fluid
Element T
3
1
Black-Netting
hnt'An'(Tn—Tfst)
= hopBo (TogpToy
+ 1 . pt'(Toutt_ int) ........................................ (4)
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(v) Energy Balance on the Fluid in the Bottom Section of the Collector

+

(1) forced-convection heat-transfer from the black-netting to the

fluid

(2) forced-convection heat-transfer from the fluid to the bottom cover

(3) forced-convection heat-transfer from the fluid to the edge covers

(4) fluid heat-gain

Fluid
Element

Bottom Cover

Black-Netting

hnb'An‘(Tn”Tfsb)

= by (T Tep)

+ 2.(hce.Ace.(Tfsb-Tce))

+ m .C_.(T )

b" “pb outb™ Tinb

Ceeeiiinna B )
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(c) Energy Balance on the Top Cover

+

(1) solar radiation absorbed in the top cover

+

(2) forced-convection heat-transfer from the fluid into the top cover

+

(3) heat radiated from netting to top cover

T+

(4) neat radiated from bottom cover to top cover

(5) heat radiated from edge covers to top cover

+

(6) heat radiated from the top cover to the sky

+

(7) heat radiated from the top cover to the ground

+

(8) heat convected from the top cover to the atmosphere v

6

Top Cover

1
Black
Netting
/ 5 Edge
Cover
Bottom Cover L
Ground 7
7 7 7 7 7 7 7 7 7 7
A 4
cts'I'acte

*ohg A (Te-Toy)
+ n'Fﬁ-ct'En'ect'g'(T;—Ttt)

A .F 'Ect'(l-sn)'o'(sz_th)

cb’ cb-ct Scb

+

4 2A B e e (loc ).ou(TE T )
= AopFopgreorreror (ToyTe)

+ (T T/ A T e (me, ) (e gy)) (Lo /(e )
b A (TmT ) e ceeenaaas ceeetieeians cenes
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(d) Energy Balance on Bottom Cover

+ (1) forced-convection heat-transfer from the fluid to the bottom cover

+ (2) solar radiation absorbed by the bottom cover

+

(3) heat radiated from the netting cloth to the bottom cover

(4) heat radiated from the bottom cover to the top cover
+ (5) heat radiated from the bottom cover to the sky
+ (6) heat radiated from the bottom cover to the edge covers

+ (7) heat radiated from the bottom cover to the ground

+

(8) heat convected from the lower side of the bottom cover to the

greenhouse atmosphere

Top Cover

n

Ground
I /7 /7 /7 V4 P4 P4 7/ 7/ 4 P

hopAen (Trgp~Ten’
+ Acb.I.aCbe
+ n.Fh_Cb.en.ecb.o.(T;;Ttb)

Aoy cb—ct'ecb'ect°(1-En)'o'(sz_TZt)
+ Cb.FCb_S.ECb.ES.(l—ECt).(l-en).o.(itb-T;)
* 2'Acb'Fcb-ce'Ecb'Ece'c'(Ttb-Tze)

+ (o.(Ttb-TZ))/((l/Acb.Fc ;g.ecb) + (l-sg)/(sg.Ag)

b

hconvcb°Acb°(ch_Ta) ................................... (7)
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(e) Energy Balance on Edge Cover

+ (1) forced-convection heat-transfer from fluid to the édge cover
+ (2) solar radiation absorbed by edge cover

+ (3) heat radiated from netting to edge cover

+ (4) heat radiated from bottom cover into edge cover

= (5) heat radiated from the edge cover to the ground

+ (6) heat radiated from the edge cover to the sky

+ (7) heat radiated from the edge cover to the top cover

+ (8) heat convected from the outside-surface of the edge cover to the

atmosphere
& Top Cover
&
Black-Netting
Edge Cover 1
/ L Bottom Cover v
; Ground >
7 7 7 7/ Vd V4 s Y
hce Ace'(Tfsb- ce
+ A Joa
ces cee
+ A . e g 0 (TH-T* )
n n-ce n ce n ce
+ Acb'Fcb—ce'Ecb°€ce'O'(Ttb—Tie)
= N G . . F . (1=~ - A
B (Q (Tie T‘}g))/((l/Ace Ece (Fce—gout * ce-gin & gcb))) + (2 Eg)/(eg g))

+ o0.A e e J(F

+ F . o(l-e ).(1-e )).(T* -T%)
ce ce = ce-sout ce~sin n ct ce s

+
il

. 2. (1- o (T -
ce Fce-—ct “ce fct Q En) o.( Cce ct)
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(f) Energy balance on Black-Netting

+

(1) solar radiation absorbed by black-netting

]

(2) forced-convection heat-transfer from the top side of the netting

to the top fluid

+

(3) heat radiated to the top cover from the netting

+

(4) heat radiated to the sky from the netting

(5) forced-convection heat-transfer from the bottom side of the

+

netting to the bottom fluid

(6) heat radiated into the bottom cover from the netting

+

+

(7) heat radiated into the ground from the netting

+ (8) heat radiated to the edge covers from the netting

Top Cover

8
Bottom Cover 6

7/ Ground
7 7 7 - 7

77 77
A .I.a

n ne
= hnt'An°(Tn-Tfst)
+ n'Fn—ct'En'Ect'c'(T;-Ttt)
+ .F g oe o(l-e [ ).0.(T2-T¢)

n n-s n s ct n s
+ hnb.An.(Tn—Tfsb)
* n'Fn-cb'Sn'Ecb'c'(T;—Ttb)
+ (O°(T;-Tz))/((l/An'Fn—g'En'(l-gcb)) + (l-zg)/(ag.Ag))
+ 2.4 .F B T < B S o T (9)

n n-ce n ce n ce



(g) Energy Balance on the Fluid(s)

+

(1) heat-gain by top fluid

+

(2) heat-gain of bottom fluid

(3) heat-gain of fluid

Top Cover

—
-

INLET
SIDE

black-Netting

P

Beitom Cover

m .C . .(T )

t pt outt-Tint

+ m AT )

b‘cpb outb™ Tinb

= m.cp.(Tout—Tin) .....-.- .................................
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V3.2 THE COLLECTOR ENERGY BALANCES - SEMI-DEVELOPED FLOW

For a given mass-flowrate, the length from the collector leading edge to
the point where fully developed flow occurs is different for the top and
bottom sections of the model collector. This is borne out in Appendix 7
where it is shown that with changing mass-flowrate the bottom collector
section is the first to become fully deve10ped. In other words, given
the correct 1length from the collector leading edge and a suitable
mass-flowrate, the situation will arise where flow in the bottom section
will be fully developed whilst flow in the top section will still be
developing. To solve such elements an appropriate set of simultaneous
equations was developed, where the heat-transfer relationships for the
bottom section were based om fully-developed tube-flow relationships,

whilst the developing top section was treated as in 3.1 above.

The tube heat-transfer relationships define heat-transfer as taking
place between the tube and the fluid, where the fluid temperature is
defined as the mean bulk-fluid temperature. The mean  bulk-fluid
temperature . is the average of the bulk inlet-flﬁid temperature and the
bulk outlet-fluid temperature. The equations are written as before, but
the free-stream temperatures are replaced with mean bulk-fluid
temperatures when considering forced-convection heat-transfer in the
bottom section of the collector. Similarly, the surface heat-transfer
coefficients in the bottom section are derived from tube rather than

flat-plate relationships (see Appendix 20).
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3.3 THE COLLECTOR ENERGY BALANCES - FULLY DEVELOPED FLOW

Further changes in the fluid flowrate and a position suitably distant
from the collector leading edge results in a situation where the flow
regime in both the top and bottom collector elements is fully developed.
The solution for this situation is an extension of that discussed in 3.2
above, in that the forced-convection heat-transfer in bothlthe top and

bottom collector sections is now based on tube flow theory.

In each of the above cases, the sclution consists of a set of seven
simultaneous non-linear equations containing seven unknown variables,

namely:

(1) The top-cover temperature

(2) The edge-cover temperature

(3) The bottom-cover temperature

(4) The netting temperature

(5) The top outlet-air temperaturgr

(6) The bottom outlet-air temperature

(7) The mixed outlet-air temperature

The solutions are found by using Newton”s method to create seven 1linear
equations which are solved ﬁsing Gauss-Jordan elimination. An analysis
of the mathematics involved in solving "N" simultaneous non-linear

equations is given in Appendix 9.

The theoretical model considers the collector as consisting of ten

elements. Starting at the inlet side, and using specified input values
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of inlet-air temperature, ambient-air temperature, ground temperature,
windspeed, air mass-flowrate and insolation 1levels, calculations are
made to decide whether the flow is undeveloped, semi-developed or fully
developed. Once the applicable set of equations has been selected, the
local values of such parameters as heat-transfer coefficients, radiation
shape factors etc. are calculated. (The details of the derivations and
calculations of the various heat-transfer coefficienté and radiation
shape factors are given in Appendix 10 and 11 reépectively). The initial
solution is assumed and Newton”s method is used to find values for the
seven unknown temperatures. The next element is then analysed, using the
previous element”s top and bottom outlet-air temperatures as the new
element”s top and bottom inlet-air temperatures. The procedure is
repeated and all the elements are analysed until the outlet end of the
collector is reached. At this point the outlet-air temperature is used
to calculate a theoretical collector heat-gain, which is compared with
empirical results from a similar collector configuration using identical

input values.

The prediction of performance for a life-size Baird-type solar collector
(specified in Appendix 12) is made using the same theoretical approach.
ﬁaturally_the actual input values change and consideration has to be
given to the effects of diféerent scale on the nature of the flow and
the boundary layer growth. Chapter 5 and Appendix 7 contain analyses of
the life-~-size system aﬁd show limitations that exist regarding the
performance prediction for such a system. The results of the 1life-size

Baird-type solar collector are listed in Appendix 25.
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CHAPTER FOUR
EXPERINMENT

An experiment was needed +to obtain measured performance data for the
Baird-type solar collector for use in a comparison with theoretical
performance. A model of the Baird-type integral greenhouse solar
collector was therefore constructed, and its performance was evaluated

using radiation from a solar simulator.

In order to measure the collector heat-gain, it was necessary to measure
the collector air mass-flowrate and the inlet-air and outlet-air
temperatures. Use of this information and a knowledge of the incident
radiation intensity enabled the calculation of the collector efficiency.
A complete' specification of collector performance required a knowledge
of all the input variables. Besides those mentioned above, this included
the ambient-air temperature in the vicinity of the collector, the ground
or floor temperature and the windspeed around the collector. Since these
parameters were measured for each test, and since the material
properties and heat-transfer coefficients of the collector surfaces were
known or esfablished, it was possible to predict the outlet-air
temperature for each test by solving the set of simultaneous equations

using the measured input data. The following sections of Chapter 4

describe the experimental eguipment.
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4.1 THE SOLAR SINULATOR

The concept of solar simulation was discussed in Chapter 2 and ceértain
criteria emerged as being relevant to simulator performance. In summary,
these inclﬁded:

(1) the uniformity of radiation intensity on the collector plane.

(2) the parallelism of incident radiation on the collector plane.

(3) the ability to change the angle of incident radiation through

movement of source azimuth and altitude.

An important consideration for a simulator radiation source is that it
should be capable of producing variable intensities without changing the
nature of the spectral distribution or affecting the useful lamp 1life.
Some variation may be achieved by physically moving the radiation source
away from the test gurface if it has some divergence in its output beam
(as is generally the casg). However, in order to contain the system in a
physically manageable space it is desirable to be able to reduce fhe
radiation outpuf by reducing the input electricél power. Appendix 4
contains a comparison of the relative advantages and disadvantages of
the three 1lamps most frequently used for solar simulators, namely, the
Xenon Arc, the Compact Source Iodide Arc and the Tungsten-Halogen Quartz

Filament lamp.

A simulator was designed (see Appendix 4) so as to satisfy as many of
the above criteria as possible. Two CSI lamps were mounted on a trolley
that could move along a semi-circular track. This provided altitude
variation. Azimuthal variation was achieved by rotating the collector in
the plane of the floor. Radiation intensity was controlled by varying

the input voltage to the lights, whilst the input voltage to the system
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device 1is protected from direct incident radiation and hence erroneous
air-temperature measurement. Also visible is the clear plastic hose,
which was part of a pressure tapping used to measure the internal
pressure in the solar collector (this assisted in calculating the air
mass-flowrate through the collector). The model was mounted on a
rectangular wooden frame, with center removed, all of which was placed

approximately 100mm above the floor level.

-34-







The orifice-plate was designed to measure air velocities over the range
available from the compressor. The unit is shown in Photograph 3. The
clear plastic hoses that connected with the pressure-tappings are
vigible. These connected with an inclined mercury-manometer which was
used to measure upstream and downstream orifice-plate fluid pressures.
Also visible 1is the upstream-fluid temperature measuring thermocouple.
Details of the orifice-plate design and a sample flowrate <calculation

are given in Appendix 14.
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4.4 TEMPERATURE MEASURENMENT

It was necessary to determine the temperature of the following variables

for each test:

(a) collector inlet-air temperature
(b) collector outlet-air temperature
(c) ambient-air temperature

(d) floor/ground temperature

(e) upstream orifice-plate air temperature

Iron-Constantan thermocouples were used to measure these variables,
except the ambient-air temperature of the laboratory, for which a
shielded mercury-bulb thermometer was used. The thermocouples were
connected to a data processing device which converted the thermocouple
ouput to a temperature value, calibrated as correct to the nearest 0.1
degree Centigrade (see Appendix 15). Thermocouples were used because
they have a much lower thermal-inertia than mercury-bulb thermometers.
Also, they have the advantage of being very small, consequently they are
easier to install in confined spaces and are less disturbing to flow
regimes. Because of their 1low heat-capacity, they have a very small

effect on temperature regimes.

The inlet-air temperature thermocouple was placed at the exit of the
inlet "swirl-chamber”, and readings from it were compared with values
obtained from another thermocouple placed directly upstream of the
"swirl-chamber"”. The two values were always within 0.1 degree Centigrade
of each other which confirmed that the 1inlet-air temperature

thermocouple was not severely affected by collector re-radiation. The
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outlet~air temperature thermocouple was placed directly downstream of
the outlet "swirl-chamber". The ambient-air temperature was measured
with a shielded mercury thermometer placed about two metres to the side
of the simulator and about one metre above the floor 1level. Upstream
orifice-plate air temperature was measured with a thermocouple as shown

in Photograph 3.
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the manufacturers to be between 0.15 &and 15 micrometres for the
thermopile and between 0.3 and 2.5 micrometres for the solarimeter. The
thermopile was designed with a conical entrance configuration that
accepts radiation through a total acceptance angle of ten degrees. On
the other hand, the solarimeter utilises a clear, hemispherical cover
that enables it to view all radiation coming from the hemisphere above
the instrument. The simulated solar radiation incident on the model was
measured at six equispaced positions along the collector using a
solarimeter, and the results were used with Simpson”s Rule to yield a

mean radiation intensity incident on the model. Appendix 16 contains

details of these measurements and calculations.
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4.6 THE GENERAL LAYOUT AND EXPERTMERTAL METHOD

Photograph 5 shows the general layout of the experimental apparatus
described above. Tests were conducted with the system in the following
manner. The simulator lights and the air compressor were switched on and
allowed time to reach steady-state. (Temperature measurements indicated
that steady state conditions were established approximately two hours
after start-up). The radiation intensity was measured, and the
temperatures listed in 4.4 were recorded. In addition, the atmospheric
pressure, the internal solar collector pressure, and the upstream and
downstream orifice-~plate pressures were recorded. These were needed <0
calculate the air mass~flowrate. Also required for this calculation was
the relative humidity of the air, which was measured by the use of a wet
and dry~bﬁlb thermometer. The tests were repeated for different
flowrates and different radiation intensities. A total of forty-three
tests were conducted with an irradiation of 852 Watts/square metre and

ten tests with an irradiation of 544 Watts/square metre.

These tests yielded experimental results of the collector performance.
In order to predict theoretical results, the radiation properties of the
polyethylene cover and black-netting for simulated solar and longwave
radiation must be known, as well as the black-netting convection
heat-transfer coefficient. Unfortunately, this was not initially the
case for the materials used and so it was necessary to derive them
experimentally. The experimental equipment and methods used to evaluate

these properties are listed in Appendices 2 and 3.
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CHAPTER FIVE
RESULTS AND DISCUSSION

5.1 EXPERIMENTAL AND THEORETICAL RESULTS OF THE SOLAR COLLECTOR

MODEL

Fifty-three tests were conducted on the model Bdird-type solar
collector. Forty-three of these correspond to an incident radiation
iﬁtensity of 852 Watts/square metre and ten correspond to an incident
radiation intensity of 544 Watts/square metre. These values of incident
radiation were wused since they are fimilar to January and June peak
values in the Cape Peninsula (see Appéngix 17) and represent maximum and
minimum intensities attainable in the solar simulator. (Extremes of
incident radiation are desirable to help establish how sensitive the
collector efficiency is to a change in insolation, and to see how well

the theoretical model is able to predict differences in performance as a

result of these changes.)

The experiments were conducted in a laboratory whose ambient-air
temperature was recorded to vary between 17 and 21 degrees Centigrade.
Seventy-five percent of the tests were conducted with an ambient-air
temperature between 18 and 19.5 degrees Centigrade (seg Appendix 18).
However, much greater differences existed in the solar collector
inlet-air temperature (see Figures 2 and 3), with lower and upper limits
being approximately 21 and 31 degrees C(Centigrade respectively. The
inlet-air temperature varies‘as a function of air mass~flowrate and is a
consequence of the throttling process used for flowrate regulation. The

scatter in the inlet-air temperatures shown in Figures 2 and 3 was
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caused by variations in the laboratory ambient-air temperature (since
the compressor ingests laboratory air). The Hottel-Whillier equation
(Equation 1b, page 7) prescribes that collector efficiency is dependént
on the difference between the inlet-air temperature and the ambient-air
temperature. The changes in ambiént-air and inlet-air temperatures are

therefore expected to influence the collector performance.

The experimental and theoretical results are presented graphically with
collector efficiency being the dependent variable and air mass-flowrate
being the 1independent variable. The theoretical predictions are
generated using two approaches. The first approach assumes that fully
developed flow does not occur in either the top or bottom sections of
the collector. All internal convection processes are represented using
flat-plate heat-transfer considerations. From here on this approach is
referred to as "The Flat-Plate Heat-Transfer Model". The second approach
makes use of the flat-plate heat-transfer approach until boundary layer
theory predicts that flow has become fully developed - from which poiﬁt
onwards the heat—transfer processes are described by tube-type
relationships. From here on this approach is referred to as "The
Flat-Plate/Tube Heat-Transfer Model". Both of these models consider the

collector to be made up of ten elements or segments.

5.1.1 Results of the Flat-Plate Heat-Tranafer Model

Results from the experimental data and the theoretical test pfedictions
are shown in figureé 4 and 5 and listed in Appendix 19. Figure 4 shows
the results for an incident radiation of 852 Watts/square metre and
Figure 5 shows the results for an incident radiation of 544 Watts/square

metre respectively. In both cases the collector efficiency is of the

order of 35 percent, and shows a trend of decreasing efficiency for
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FIGURE 7:
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flowrates both higher and 1lower than about 0.0020 kg/s. The
black-netting heat-transfer coefficient increases with increasing
flowrate, which indicates that the collector efficiency should increase
with increasing flowrate. However, the fact that inlet-air temperature
increases with increasing flowrate has significance on the longwave
radiation losses from the collector to the environment. The results show
that these radiative losses start to outweigh the gains from an
increasing black-netting heat-transfer coefficient at flowrates higher

than about 0.0020 kg/s.

For both insolation levels, a comparison of empirical and predicted test
results shows that the +trends of each are similar, although the
predicted test results have slightly 1lower maximum collector
efficiencies, occuring at lower flowrates. Figure 6 is a ‘histogram
showing the relative frequency distribution of predicted heat-gain
errors for the fifty three tests. The mean predicted heat-gain error is
an underprediction of 7.6 percent, with a Standard Deviation of 12.4
percent. The underprediction may be partly the result of specifying the
ground temperature to have the same value as the laboratory ambient-air
temperature. (The ground in the immediate vicinity of the collector
model is at a higher temperature than the ground outside the influence
of radiation from the solar simulator). Figure 7 represents percentage
predicted heat-gain error as a function of air mass-flowrate and shows
that overpredictions are made at the lower flowrates whilst
underpredictions are made at the higher flowrates. All predictions of
collector efficiency are within a band between +29 and -28 percent of

the corresponding measured values.

The difficulties involved in maintaining both laboratory ambient-air

temperature and collector inlet-air temperature at constant values for
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all the tests were insurmountable with the resources available. So all
experimental collector performance data is subject to the influence of
these changing variables. It is of interest, however, to know what the
collector efficiency would be if these variables were held constant. The
effect of holding the ambient-air temperature and the  inlet-air
temperature constant was therefore investigated and the results are
shown in Figures 8 and 9. In these predictions the average ambient
air-temperature was taken for each group of tests (the first group being
those with a radiation intensity of 852 w&tts/square metre and the
second being those with a radiation intensity of 544 Watts/square
metre). On the one hand, the inlet-air temperature was maintained at the
highest value recorded in the tests, and on the other hand it was
maintained at the lowest value recorded. The results generallj show that
efficiency increases with increasing mass-flowrate - a consequence of
the effect of the increasing black-netting forced-convection
heat-transfer coefficient with flowrate. This, combined with the
increased flowrate, results in lower collector/environment diffe;ential
temperatures and therefore reduced longwave radiative losses. Thus the

increase of efficiency with increasing flowrate is to be expected.

In addition, it can be seen that a higher inlet-air temperature results
in a lower collector efficiency and vice-versa. This is a result of the
increased longwave radiative losses that take place between the
collector and the environment when the temperature difference between

the collector and the environment is greatest.

It is of interest to note that the experimental and predicted test data
are bounded above and below by the curves produced as a result of
holding the ambient-air temperature constant and the inlet-air

temperature constant at maximum and minimum values respectively. 1In
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addition, these curves are smooth and do not display the scatter that is

evident in the experimental data.

Also shown on Figures 8 and 9 are the results of sensitivity tests to
evaluate the effect of ground temperature on collector efficiency. Three
ground temperatures were used in the analysis. In the first case, the
ground temperature was set equal to ambient-air temperature; in the
second and third cases the ground temperature was specified to be three
and six degrees Centigrade higher than the ambient-air temperature
{espectively. The results show that a change of ground temperature by
six degrees Centigrade affects the predicted collector efficiency by
about two percent when the incident radiation intensity is 852
Watts/square metre and by about four percent when the incident rédiation
is 544 Watts/square metre. This is to be expected since an increase in
ground temperature leads to a smaller ground-collector temperéture
differential, and hence a smaller collector to ground longwaQe radiative
loss. Also, the 852 Watts/square metre gfoup of tests will have higher
collector temperatures than the 544 Watts/square metre group. Thus the
raising of the ground temperature will have a smaller overall effect on
the system with the greater initial ground-collector temperature
differential (i.e. the 852 Watts/square metre group of tests) and

vice-versa.
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5.1.2 Results of the Flat-Plate/Tube Heat-Transfer Model

This model is considered to be a refinement of the flat-plate model,
since it takes account of the boundary layer growth within the collector
and changes from a flat-plate type of heat-transfer analysis to a
tube-type when theory predicts that flow becomes fully developed.
Appendix 20 contains details of the derivation of the tube heat-transfer
coefficients. Results from the experimental data and the theoretical
test predictions are shown in Figures 10 and 11 and are 1listed in
Appendix 21. Figure 10 shows the results for an incident radiation of
852 Watts/square metre and Figure 11 shows the results for an incident
radiation of 544 Watts/square metre respectively. In both cases the
measured collector efficiency is of the order of 35 percent, and shows a
trend of decreasing efficiency for both higher and lower mass-flowrates
than about 0.0020 kg/s. The predicted-efficiency data is similar to that
obtained from the flat-plate model, but the values represent a greater
underprediction than  before. Consideration of  the collector
heat-transfer coefficients in Appendix 10 shows that the ratio of the
netting to cover forced-convection heat-transfer coefficients may be
approximated by the following equation:

0 .58

hn/h = ! /eo.s = (2 R G0 D
Equation 11 1implies that the ratio of the netting heat-transfer
coefficient to the cover heat-transfer coefficient increases with
increasing 1length from the collector leading edge. However, in the case
of the tube analogy, the ratio of the netting to cover heat-transfer
coefficient remains constant from the position at which fully developed

flow is attained (see'Appendix 20), which in turn suggesté a smaller
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overall heat collection will take place. The fact that this phenomenon
explains a larger underprediction of heat collection raises doubt as to

whether fully developed flow was actually attained, as theoretically

predicted.

Figure 12 is a histogram showing the relative frequency distribution of
predicted heat-gain errors for the fifty three tests. The mean predicted
heat-gain error 1is an underprediction of 11.8 percent, with a Standard
Deviation of 12.6 percent. As before, the underprediction may be partly
the result of specifying the ground temperature to have the same value
as the 1laboratory ambient-air temperature. Figure 13 represents
percentage predicted heat-gain error as a function of air mass-flowrate
and shows that errors in predictions of heat-gain are within a Dband
between +24 and -36 percent of the corresponding measured héat-gain
values (compared with a band-width of +29 to -28 percent for the flat

plate model).

As before, the effect of holding the ambient-air temperature and the
inlet-air temperature constant was investigated and the results are
shown in Figures 10 and 11. The results show that efficiency increases
with increasing mass-flowrate (most noticeably at the lower flowrates)

and confirm that a higher inlet-air temperature results in a lower

collector efficiency (and vice-versa).

The efficiency values predicted by this model are more scattered than
those produced by the flat-plate model. This appears to be the result of
some instability in the solution process caused by the introduction of
an "iteration-within-an-iteration” in order to ‘solve for the

black-netting tube forced-convection heat-transfer coefficient.
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5.2 LIFE-SIZE BAIRD-TYPE SOLAR COLLECTOR PERFORMANCE PREDICTION

The life-size solar collector has a slightly different geometry from

that of the model, as can be seen in Figure 14. For more detail, consult

Appendices 12 gnd 13.
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FIGURE 14: TEE MODEL ANL LIFE-SIZE BAIFL-TYPE SCLLE COLLEICTOE GECMETEILS

There are several reasons for this change. Firstly, some preliminary
calculations indicated that a life-size Baird-type collector of the same
geometry as the model would require a flowrate in excess of 20 kg/s if a
combination of free and forced-convection was to be avoided. {The
Grashof-Reynolds érite?ion is quoted by Holman (41) to be the objective
method of evaluating whether a convection heat-transfer process is
primarily free or forced-convection in nature. It states that
if Gr/Re’ <1, then forced-convection effects will dominate in the
convection heat-transfer process. This criterion was used in this thesis
to ensure that the internal convection processes for both thé model and

life-size collector were forced-convection mode).
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Such a high flowrate is also undesirable because it results in a small
(i.e. one to two degree Centigrade) collector air temperature rise.
Alsd, this order-of-magnitude of flowrate gives rise to Reynolds numbers
larger than those in the range of the tests performed to  evaluate the
forced-convection black-netting heat-transfer coefficient. This implies
that use of the experimentally derived relationship for evaluating the
black-netting heat-transfer coefficient involves extrapolating the
experimental results listed in Appendix 2 - which is wundesirable.
Finally, the amount of energy required by a fan to deliver such a high

volume of air is considered excessive.

A modified collector geometry was therefore chosen for which the
Grashof-Réynolds criterion is less than unity for a flowrate of 10 kg/s
on a typical January day and 7 kg/s on a typical June day in the Cape
Peninsula (assuming zero windspeed). The flowrate can be smaller in June
because the collector temperatures are lower than the collector
temperatures in January, leading to smaller buoyancy forces and
consequently smaller free-convection effects. The reduced
cross-sectional areas of the modified collector allows a smaller
flowrate for a given flow velocity, which 1in turn allows an air
temperature rise in the collector of between five and ten degrees

Centigrade.

Predictions of collector performance were made using the flat plate
model for typical climatic and insolation conditions encountered in the
vicinity of the Cape Peninsula for the months January and June. The
insolation values used for these predictions are published by the South
African Weather Bureau (44) as hourly values of radiation for each month

of the year in Cape Town and represent the mean values of data gathered
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over the period 1951 to 1962. Appendix 17 lists these values for January

and June and includes graphs drawn to yield values of insolation for
small time-intervals. In this analysis, a time-interval of 12 minutes
was chosen, implying that a full analysis of collector performance was
undertaken every twelve minutes. The analysis considers the collector as
divided into ten elements (as was done in the analysis of the

laboratory-model solar collector).

The ambient-air temperatures used for these predictions are published by
the South African Weather Bureau (45) as hourly values for each month of
the year and represent the mean values of data gathered over the period
1932 to 1950 at the Wingfield Weather Office. Appendix 22 lists these
values for January and June and includes graphs drawn to yield values of
ambient-air temperature for twelve-minute time intervals, which are

shown in Figures 15 and 17.

The ground temperatures used for these predictions were measured by
Malherbe (46) over a two year period in an orchard in Stellenbosch.

These values are contained in Appendix 23 and are shown in Figures 15

and 17.

Since these predictions are concerned with performance of a Baird-type
solar collector situated in an outdoor environment, the effective sky
temperature used in the longwave radiation terms is taken to be six
degrees (Centigrade below ambient-air temperature (as recommended by
Whillier (12)). The collector Reynolds number is calculated at each
element and is used to determine whether laminar or turbulent
heat-transfer equations are applicable (the equations are listed in

Appendix 10).
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Figure 15 shows the average ambient-air temperature and the average
ground temperature as a function of time én a January day, and the
values of the predicted outlet-air temperatures are also plotted (these
values were calculated on the assumption of zero wind velocity and a
collector flowrate of 10 kg/s). Starting at 06h00, the collector heats
air to a temperature of 16 degrees Centigrade. The outlet-air
temperature peaks at about 33 degrees Centigrade at 13h00, decreasing
thereafter, becoming 20 degrees Centigrade (the ambient-air temperature)
at 19h30. It is interesting to note that the ground temperature is
almost always higher than thevcollector éutlet-air temperature, and that
the maximum temperature rise of the collector outlet-air above
ambient-air temperature is about 9 degrees Centigréde. Figure 16 shows
the collector cumulative heat-gain plotted against time for the January
conditions. By the end of the day approximately 2600 MJ will have been
collected (over a period of about thirteen hours). Also shown on the
figure are the energy requirements for a fan delivering 10 kg/s against
static pressuré heads of 25, SO and 75 mm of water respectively.
(Appendix 24 contains calculations of pressure-drop across a suitably
proportioned rock-bed which predicts a typical pressure-drop of about
Smm of water). In the case of the 75mm head, épproximately 500 MJ are
consumed by day”s end, .indicating a net energy gain of about (2600 -

500) = 2100 MJ.

Figure 17 shows the average ambient-air ‘temperature and the average
ground temperature as a function of time on a June day, and the values
of the predicted outlet-air temperatures are also plotted (these values
were calculated on the assumption of zero wind velocity and a collector
flowrate of 7 kg/s). Starting at 08h00, the collector heats air to a
temperature of 9 degrees Centigrade. The outlet-air temperature peaks at

about 21.5 degrees Cenfigrade at 13h15, decreasing thereafter, becoming
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16 degrees Centigrade (the ambient-air temperature) at 17h00. In this
case the ground temperature is always lower than both the ambient-air
temperature and the collector outlet-air temperature, and the maximum
temperature rise of the collector outlet-air above ambient-air
temperature is about 4 degrees Centigrade. Figure 18 shows the collector
cumulative heat-gain plotted against time for the June conditions. By
the end of the day approximately 550 MJ will have been collected. Also
shown on the figure are the energy requirements for a fan delivering 7
ke/s agéinst static pressure-heads of 25, 50 and 75 mm of ﬁater
respectively. In the case of the 75mm head, .approximately 230 MJ are
consumed by day”s end, indicating a net energy gain of about (550 - 230)
= 320 MJ. The energy gain of 550 MJ is the solar collector heat gain and

is defined as:
t=t

Solar Collector Heat-Gain = Yat  ....(12)

(m'cp)air S (lout—wambient
t=0

In practice there is also an ambient heat-gain, which is the ambient
heat imparted to the rock-bed (assuming a 100 percent air-to-rock heat
transfer) due to the difference between ambient-air temperature and the

rock-bed temperature. This can be expressed as:
t=t

Ambient Heat-Gain = (@m.C_) . (0. -T
p air ambient " rock

t=0

)dt Cereeean ..(13)

The total sensible heat-gain is represented by the sum of equations 12
and 13, and can be evaluated if the rock-bed temperature is known as a
function of time. Since this is not the case in this study, the solar
collector heat-gain is used above as a guide to evaluate the collector

performance.
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Figure 19 shows "collector efficiency"” plotted as a function of
"time-of-day"” for the January and June-day tests described above. In
general, the results show higher values of collector efficiency in
January than in June. This is due to the smaller collector-to-ground
longwave radiative losses in January, due to the relatively high ground
temperature. The efficiency values change through the course of the day,
but are relatively constant in an area centered around midday. The
midday January collector efficiency is approiimately 42 percent and the

midday June collector efficiency is approximately 33 percent.

All the results described above are contained in Appendix 25. The nature
of the tests done to determine the black-netting heat-transfer
coefficient and the collector material radiation properties and the
results of the tests are 1listed in Appendices 2 and 3 respectively.
Appendix 27 contains a flowcﬁart of the solution process, whilst

Appendix 28 contains a sample calculation and solution verification.
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CHAPTER SIX
CONCLUSION

The primary objective of this thesis was the measurement and prediction
of performance of a model Baird-type solar collector, with the intention
of predicting the performance of a life-size integral-greenhouse solar
air-heater. The experimental and theoretical work contained in this
thesis shows that an integral-greenhouse solar collector, utilising
shade-cloth as  the absorber, represents a simple and practical

alternative energy source for greenhouse heating.

5.1 EXPERIMENTAL ARD THEORETICAL RESULTS OF THE SOLAR COLLECTOR

MODEL

The experimental work was performed on a model Baird-type greenhoéuse
approximately sixty-six times smaller than commercially available
greenhouses (see Appendix 13), using a specially designed solar
simulator as the radiation source (see Appendix 4 for details). The
results indicate that as a solar energy collector, the model Baird-type
greenhouse is of the order of 35 percent efficient. The collector
efficiency depends on the values of the input variables (such as.
inlet-air temperature, radiation intensity, ambient-air temperature, air

mass-flowrate etc.).
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It was not feasible to maintain the inlet-air temperatures and
laboratory ambient-air temperatures at constant values for the duration
of the tests. On the other hand, the theoretical model allowed easy

manipulation of input variables in the simulation process.

The theoretical model required verification. The experimental input-data
was accordingly used as input-data for the theoretical model and, test
by test, the results were compared. Two theoretical approaches were
tried, being balled the Flat-Plate and the Flat-Plate/Tube» models
respectively. Theb Flat-Plate approach underpredicted collector
efficiency by an average of 7.6 percent, while the Flat-Plate/Tube
approach underpredicted collector efficiency by an average of 11.8
percent. The results of these tests were plotted as "collector air
mass-flowrate" versus "collector efficiency" and can be found in Chapter

5.

The theoretical model was used to evaluate the model greenhouse solar
collector performance with constant values of ambieéent-air temperature
and inlet-air temperature. It can be concluded from these results that
the "peaking" of the model Baird-type solar collector efficiency at
about 0.0020 kg/s was the result of an increasing inlet-air temperature
with increasing mass-flowrate, and_that the scatter of the experimental
data was related to the changes of laboratory ambient-air temperature.
The theoretical model was also used to study the sensitivity of the
greenhouse solar collector to changes in ground temperature, whilst
holding the ambient-air and inlet-air temperatures constant as described
aone. It can be concluded from the results that the collector

efficiency was not very sensitive to ground temperature, although it was

0
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more soO when subjected to lower radiation intensity levels.

5.2 LIFE-SIZE BAIRD-TYPE SOLAR COLLECTOR PERFORMANCE PREDICTION

The theoretical model should be able to predict the performance of the.
life-gize collector. The accuracy of the prediction is unfortunately
unknown, since a life-size Baird-type system was not available for
testing. The results generated by the theory should therefore be treated
with some caution, although modifications were made wherever necessary

to accomodate for the change of scale and geometry.

Predictions of performance for a life-size Baird-type greenhouse solar
collector were made for typical January and June days in the Cape
Peninsula. The predictions were made ignoring the effects of windspeed
other than that which would result from natural convection at the
collector external surfaces. The efficiéncy of solar energy collection
is predicted to be approximately 42 percent for most of the January day

and approximately 33 percent for most of the June day.
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APPENDIX 1

TEMPERATURE LEVELS AND INSOLATIOR REQUIRE!E&TS FOR OPTINUNM GREENHOUSE

CROP CULTIVATION

The following indicates the order of magnitude of temperature levels for
optimum greenhouse crop cultivation. Kerr (1) and Maree et al (31) are
of the opinion that the ideal air temperature for cucumber growth is
30~32 degrees Centigrade during the day and 20-23 degrees Centigrade at
night. Kerr (1), Takahashi et al (32) and Maree et al (33) state that
the ideal day and night temperatures for tomato plant growth are about
25 and 15 degrees Centigrade respectively. It is claimed by the United
Kingdom section of the International Energy Society (34) that an
increase of greenhouse air temperature from 7 to 12 degrees Centigrade

increased tomato yields by 40% to 75%.

According to Winegarnef (3), the United Kingdom section of the
International Energy Society (34), Sayigh (5) and Downs et al (35),
-plants can only use radiation in the visible part of the solar spectrum
- between 400 and 700 nmm - the so-called Photosynthetically Active~
Radiatioﬁ (PAR). The major effect of the spectrum from 700 nm upwards,
which is the infrared region, is to provide heat. Damagnez (4) and Sciez
(36) point out that the infrared region comprises about 50% of total

solar radiation.

The following indicates that, except in wunusual circumstances, an
increase of'insolation, either in terms of intensity and/or duration
results in an  increased crop yield. Kerr (1) reports that high

light~intensity can cause tip-burn in lettuce - a factor that in this
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special case favours the use of a net for light reduction. Klapwijk and
Lint (37) have found that the length of the growing period for tomato
seedlings for the aftainment of 10g fresh weight per plant in Naaldwijk,
Holland, was determined by the amount of radiation in winter only.
Rodriguez et al (38) have experimented with supplementary 1lighting.
Plant growth was increased and they could not detect any
photosaturation. Morgan and Clarke (3%9) have shown that extending the
photoperiod time from 12 to 16 hours increased growth curves by 43% for
tomatoes. Canham (40) used artificial light from low-pressure sodium and
mercury halide lamps to supplement winter daylight on young tomato and
lettuce plants. Increased growth occurred, the increase being linearly

related to the supplementary radiation.

-85-



APPERDIX 2

THE BLACK-NETTING FORCED-CORVECTION HEAT-TRANSFER COEFFICIENT

Since the order-of-magnitude of the black-netting forced-convection
heat-transfer coefficient was unknown, and since Parker (18) has shown
that solar collector efficiency is very sensitive to the absorber
surface heat-transfer coefficient, it was decided to devise and conduct
an experiment to determine the black-netting heat-transfer coefficient.

A magnified view (scale approximately 3.3:1) of the black-netting cloth

is shown in Photograph 6.
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Photograph 6: The Black-Netting Cloth (scale approximately 3.3:1)
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2.1 Theoretical derivation

Assuming that the black-netting internal heat resistance is negligible
in comparison with the external heat resistance (justified in Appéndix
2.5), the netting~-cloth can be considered as being uniform in
temperature at any cross-section. Consider an element of the netting,

for which the heat-transfer is written as:

Q = h.A.(T-T_ ) ==C_.p.V.aT '
fs P EE

where 'h' is the surface convection heat transfer coefficient (W/m® .°C)

and 'A' is the surface area of the element (m®), 'T' is the element

fs

temperature (°C), 'T is the free stream temperature (°C), 'C ' is t-e

specific heat of the element (J/kg.°C), 'p' is the density of the element
(kg/m’ ), 'V' is the element volume (m ) and dT is the rate of change of

dt
element temperature (°C/second).

¢ Tfs

Equation (] ) assumes that there are no radiation losses from the element.

It is a first order differential equation which can be written in the
. form:
g1+P.'y“:Q.. ...... ceeeectassscsnsacan tesecccseracennn . (2)
dx
: aT h.A :' _ [h.A.Tf:I
i.e. at +[§.C v T o= 6.C .VS
h.A h.A. fs]
where P {p.C v 24 9 ‘[p.c R
p p
The solution of eguation (p) 1is:
y.eI = SQ.eI.dx + C where C is a constant.
h.A h.A.t
Note that I = \P.dx = p.Cp.v.dt T
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Substituting the applicable variables results in the following equation:

(h.A.t) gh.A.t )
7.0 -Cp-Vi =S(h.A.TfS) PCpV/ oo, ¢
o.Cp.V
(h.A.t )
= Tfs.ep.CP.V + C Gevessssssssnsencas .(3)

Now t=0 has T=T, as a boundary condition, hence solving for the constant:

T

"

TO:TfS+C
thus C = TO - Teg

Resubstituting this into equation (3 ) gives:

hoA.t
(T - Tp). e("'CP'V) - (T, - Tgg)

which is usually written as:

L (4)

_(h.A.t )
(T - Tfs) _ p.C .V
To' Tfs

The form of this transient heat transfer equation is confirmed by
Holman (41) in a discussion on lumped-heat-capacity analysis.
The area of a sample piede of netting 0.52 m wide and 0.90 m long is:

(2 x 0.52 x 0.90) = 0.9% n° (top and bottom)
The density of polyethylene is quoted by Glanville (47) to be 950 kg/m}
and by the General Electric Co. (48) to be 954 kg/m’ . It is thus averaged
out as 952 kg/ms. The sample of netting specified above was massed at
0.06835 kg. This information can be used to find the volume of the netting

sample as follows:

3

V= g - (0.06835/952) = 7.1796 x 10® m

Thus the ratio (A/V) = (0.936/7.1796 x 10 °) = 1.3037 x 10% m‘1

netting
The specific heat for polyethylene is 2303 J/kg.°C according to the General
Electric Co. (48). This can be used to evaluate

(A/p-CpeV) = (1.3037 x 100/(952 x2303)) = 5.946 x 10° 2 oc/s

This can be substituted into equation (4) and rearranged to give:

h = -[loge($ ~ 5?8) / t x 5.946 x 10‘3] W/m* .°C .....(5)

S
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2.2 Experimental Equipment and Method

Photographs 7 and 8 show the device that was built to assist in
measuring the‘temperature decay of the black-netting cloth. Photograph 7
shows the box with the 1lid 'open. The interior consists of the
black-netting, the foil-lined walls, a sieve at the inlet-end of the box
to help distribute incoming air and a sealing gland around the perimeter
of the box to make the closed box leak-proof. Photograph 8 shows the box
in the closed‘ position. The netting temperature was measured at four
equi-spaced locations along the netting by means of Copper-Constantan
thermocouples connected to a Philips PM 8000 voltage plotter. (The
voltage plotter was calibrated for accurate temperature measurement and
the paper feed-rate was checked to ensure accurate time measurement).
Free-stream air temperature was measured with a thermocouple placed at
the inlet end of the box, directly upstream of the gauze. The air
flowrate was measured using the orifice-plate device described in

- Appendix 14.

" The experiments were conducted as follows. The box was placed in the
solar simulator and the 1id was opened to expose the black-netting to
the radiation. During this process the inlet air was diverted to allow
the net to heat up. Then the box was quickly closed and the air was
allowed to flow through the box. The temperature decay of the netting
was represented as a function of time by the trace produced on the

voltage plotfer.
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2.3 Results

A total of forty-one tests were conducted. The results of these tests

are tabulated below.

-6
Column A = air mass-flowrate (for kg/s multiply 10 )

Column B = netting temperature at time 0 (degrees Centigrade)

Column C = netting temperature at time = t (degrees Centigrade)
Column D = free-stream temperature (degrees Centigrade)

Column E = elapsed time between t=0 and t=t (seconds)

Column F = distance from leading edge of plate (metres)

Column G = local heat-transfer coefficient (W/m.m.degree Centiérade)

Column H = Reynolds number

Column I = Nusselt number
TABLE 1: RESULTS OF THE TESTS ON THE BLACK-NETTING

No A B C D E F G H I

1 4385 44.0 23.7 20.4 38.4 0.273 8.6 6036 89.4

2 3387 42.8 23.6 19.5 40.8 0.364 7.1 6237 98.7

3 3387 40.5 23.4 19.5 31.2 0.273 9.1 4693 95.0

4 3387 38.9 22.5 19.5 28.8 0.182 10.9 3138 76.0

5 3387 39.9 20.9 19.6 28.8 0.091 16.2 1570 56.5

6 3735 38.4 21.2 20.4 26.4 0.091 19.5 1730 68.0

7 3733 38.5 22.1 20.4 36.0 0.182 10.9 3455 76.0

8 3732 38.5 23.3 20.5 42.0 0.273 7.5 517N 78.3

9 3732 36.8 22.9 20.5 48.0 0.364 6.7 6913 93.5

10 4116 37.5 24.3 21.1 36.0 0.364 7.6 7593 105.7
11 4108 35.3 22.4 21.7 48.0 0.273 10.4 5705 108.8

12 4122 36.0 22.9 22.4 36.0 0.182 14.8 3804 103.0
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No
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

-39

40

41

A

4122
4412
4413
4414
4414
3053
3049
3046
3042
2636
2636
2610

2609

2124

2124
2124
1838
1838
1507
1507
1080
4715
4715
4715
4716
4984
4982
4979
4978

32.0
38.2
36.1

38.3
36.5
38.5
39.4
40.3
36.8
38.7
44.8
43.2
43.0
44.0
43.5
40.0
41.3
44.2
44.5
41.2
42.1

34.1

36.2
35.5
33.7
33.4
33.7
34.2
34.0

23.4
25.8
26.8
27.0
26.6
25.8
25.4
25.5
25.0
26.2
26.4
27.4
27.3
26.6
26.4
27.5
27.1
27.1
28.0
26.4
27.4
27.1
27.5
25.9
24.0
24.3
25.0
26.5

25.6

23.0
24.8
25.0
25.2
25.4
23.9
24.73
24.5
24.7
24.3
24.3
24.4
24.4
24.2
24.73
24.4
24.3
24.73
24.4
24.3
24.9
23.3
23.2

23.2

23.0
23.0
23.0

22.9

24.0
26.4
28.8
36.0
48.0
36.0
42.0
42.0
24.0
30.0
42.0
42.0
48.0
60.0
54.0
30.0
36.0
54.0
48.0
42.0
42.0
21.6
21.6
24.0
19.2
19.2
26.4
24.0

26.4

0.091
0.091
0.182
0.273
0.364
0.364
0.273
0.182
0.091

0.091

0.182
0.273
0.3%64
0.273
0.182
0.091

0.091

0.182
0.182
0.091

0.091

0.364
0.273
0.182
0.091
0.091
0.182
0.273

0.364
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20.9
16.9
10.5
9.1
77
9.6
10.3
11.0

26.6

18.5

10-4

9.0

1907
1889
4046
6066
8091
5599
4192
2791
1395
1208
2413
3584
4777
2917
1945
973
842
1682
1379
690
494
8657
6488
4329
2176
2299

4591
6866

9167

72.8
58. 4
72.6
94.2
106. 4
132.8
106.7
75.9
92.0
39.0
63.3
74.3
89.5
60.9
47.5
31.0
28.6
41.3
40.5
29.0
26.1
113.8
89.3
74.2
73.4
64.4
72.3
84.3

125.1



These results were processed from the experimental data. An example of
the calculations necessary to produce these results is presented below.
(Note that the flowrate calculation is omitted since it is presented in

Appendix 14).

Sample Calculation - Test 11

Figure 20 shows the output trace recorded by Philips voltage plotter.

Pen motion

4p 50 60

e e e s - e g —— - AT T

ermocopple output (mV)

3
!
.

1

J

. (100 mm -1 per mlnute%(

i

|

‘ e i L
To E ‘ . [ ~
(t = D) ‘ ‘ :

e —— s e e

1

22

flGURE 20: DOUTPUT| TRACE OF THERMOCOUPLE MEASURING NET@ING TEMPERATURE

N ; l | 1 | (TEST 11) |

Additional data recorded:

Thermocouple reference temperature = 19.6 degrees Centigrade

Free-stream air thermocouple output = 0.079 mV

Paper feed-rate = 100 mm/minute

also recorded, for the purpose of calculating the flowrate, were the wet
and. dry-bulb air temperatures, the atmospheric pressure, the absolute

pressure and the air temperature upstream of the orifice, and the

-94-
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pressure-drop across the orifice.

Consider Test 11:

The paper has travelled 80mm between t=0 and t=t. Hence elapsed time is
(80/100).60 = 48 seconds. The calibration test of the Philips plotter

resulted in the following equation to determine voltage output:

Voltage = ((X-1) x 3.953EE-3) mV
L |
where X 1is the distance in mm between the plotting sheet left-hand
margin (the zero/datum line) and the trace.Thus the temperature at time
t=0 can be worked out from thermocouple tables (Leeds et al - 64) as:

15.7 + Reference temperature

15'7 + 19-6

35.3 degrees Centigrade
Similarly, the‘temperature at time t=48 seconds was:
2.8 + 19.6
= 22.4 Degrees Centigrade
The free-stream air temperature was worked out in a similar manner as

21.7 degrees Centigrade.

The local heat-transfer coefficient can now be calculated from equation

5

=
It

- 22.4 ~ 21.2) _5] . o,
Ecge (35.3 -21.7 // 48 x 5.946 x 10 W/m

10.4 W/m* .°¢C

The calculation of the Reynolds and Nusselt numbers is done with all air

properties evaluated at the average film temperature, defined as:

~Q5-



2
In this case the average film temperature was 25.3 degrees Centigrade.
For this temperature, the air properties were read from tables in

Holman (41) at atmospheric pressure as:

p =1.185 kg/m’ L= 1.966x 10°° kg/m.s ~ k = 0.0261W/m.°C

Now Re£'=(p.velocity.£) and velocity =( o ),:[0.004108 ]: 0.347 m/s
p.A

W 1.185x 0.01
3[1-18%X 0.347 x 0-273] = 5700 These values differ
1.96 x 10™ ]
: slightly from Table 1
and Nuz =(E;£)= (10.4 x 0.273)/0.0261 = 108.8 due to round-off errcrs.
k

In what follows, the dimensionless numbers were assumed to be related as:

(a) Nut = C.(Ree)n i.e. one independent variable
(b) Na, = C.(%)m.(ReZ)n | i.e. two independent variables

If the logarithmic value of equation (a2) is written, it is seen to be in-
the form of a straight line equation i.e.

log o Mu, = n.log Re, + log,,C ......... e (6)
A linear regression analysis of the results produced the following

regression table:

SOURCE SUM OF SQUARES DEGREES OF FREEDOM | MEAN OF SQUARES
Regression 1.0478467 | 1.04784L67
Residual /Error | 0.2595836 , 39 6.65590 x 1072
Total 1.3074303% 40

TABLE 2: VARIANCE TABLE FOR ONE DEPENDENT VARIABLE
f-value = 157.43

Coefficient of Determination = 0.801455 ... iiveiinaienenns ()
Coefficient of Multiple Correlation = 0.895240 . .......... (r)
Standard Error of Estimate = 0.081584

The values of 'n' and 'loglOC' are 0.5012287 and 0.1053667 respectively.
On resubstitution into eguation (6) and taking anti-logarithms, the

following eguation results:

0.b
Nu,= 1.2746 (Re,) ' cereernerniiiiiiiiiii e (7)



If logarithms of both sides of equation (b) are taken, the following
equation results:
log,Nu, = log,.C + m.log (EQ + n.log,~(Re,) +venven.. (8)
10 ¢ 10 10°L 08100 "¢y
A multiple linear regression analysis of the results produced the following

regression table:

SOURCE SUM OF SQUARES | DEGREES OF FREEDOM | MEAN OF SQUARES
Regression 1.0728844 2 0.5364422
Residual/Erroy .2345459 38 0.0061722
Total 1.3074304 - 40 |

TABLE 3: VARIANCE TABLE FOR TWO DEPENDENT VARIABLES

f value = 86.91
Coefficient of Determination = 0.8206 ....ccivivrivrerdnnennaas ()
Coefficient of Multiple Correlation = 0.9059 .............. .. ()
Standard Error of Estimate = 0.078564
"The values of 'loglOC', 'm' and 'n' are -0.4446, -0.2172 and 0.6351
respectiyely. Resubstitution of these values into equation (8) and
taking anti-logarithms results in the following eguation:

| Nu, :0.3593({'—)‘0-22(12%)0'54 e R D)
The results and the lines produced by equatiors (7?) and (9) are shown
on Figure 21, together with the line produced by Kay's eqguation for a
flat plate subjected to Uniform Hezt Flux (Kays - Reference 42). In
general, it appears that the netting has a laminar forced-convection
heat -transfer coefficient about three times larger than that applicable
to a flat-plate.

A stepwise comparison and evaluation of the prediction eguations using:

(a) one independent variable (b) two independent variables
Case (a):

Computed f (sum of squares of regression/mean of squares of the error)

it

(1.04784/6.65599 x 10-2)
157.43

]

Now the f-value from the F chart at the 0.05 level of significance is:

fo.os (k, n-k-1) where 'k'is the number of independent variables
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There are 41 data points and there is one independént variable, hence
fo.08(1,39) = 4.08 from the F chart (see Table 5 )

- Since the computed f statistic (157) is much larger than the critical
value_(4.08) at the five percent significance level, it can be concluded
that 'log Re' is a highly significant variable, and should be included
in the prediction equation. For this model the coefficient of determination
is 0.801, which means that 80.1 percent of the variance in 'logloNuE'

is explained by the prediction equation (equation 7)

Case (b):

The regression-sum of squares of the second independent variable i.e.
'loglo(%)' can be calculated as follows:

Regression (f/P1) = Regression (P, ) - Regression (B )
where By is the coefficient 'n' of the variable '1Og10Re£'
and B, is the coefficient 'm' of the variable 'loglo(%)'. In other
words, Regression (8, /P ) is the regression sum of squares of the restricted
regression model using 'm.loglo(%)' in the presence of 'n.loglOReg'.

Using values from the regression analysis:

1.0728844 - 1.0478467

Regression (B, /B )

0.025037

Now the computed f-value ={Regression sum of scuares (B /B )
Mean of squares of the error

(0.025037,/0.0061722) = k.06
The f-value at the 0.05 significance level is: o

f (1,38) = 4.08

0.0s

Since the computed f-value and the significant f-value are approxiﬁately

equal, it can be concluded that 'lo (Z). is not a significant variable
810 gn

L
at the five percent level of significance. However, the coefficient of
multiple determination for this multiple linear regression model is 0.821,
which means that 82.1 percent of the variance of '10810Nu£' is explained
by the prediction equation. Since the priority is the accurate prediction
of 'Nue' (and by implication, the accurate prediction of the black-

netting heat~transfer coefficient), it has been decided to include the

variable (?)°
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TABLE 4 Walpole (49) TABLE 5
Critical .
Values of the F Distribution Critical Values of the F Distribution (continued)
0 fa
fo.os("l, V:) fo.os("n V:)
vy 1 £
1 2 k) 4 5 6 7 8 9 vy 10 12 15 20 24 3o 40 60 120 L]
161.4 199.5 | 215.7 224.6 | 230.2 | 2340 | 236.8 238.9 240.5 1 2419 |243.9 (2459 |248.0 249.1 |250.1 {251.1 |252.2 }253.) |254.3
18.51 19.00 19.16 19.25 19.30 19.33 19.35 19.37 19.38 2 19.40| 19.41| 19.43) 1945 19.45| 19.46] 19.47] 19.48} 19.49| 19.50
10.13 | ° 9.55 9.28 9.12 9.01 8.94 8.89 8.85 8.81 k] 8.79 8.74 8.70| 8.66 8.64 8.62 8.59 8.57 8.55 8.53
wmn 6.94 6.59 6.9 6.26 6.16 6.09 6.04 6.00 4 5.96 5.91 586 S5.80| 5.77 5.75 5.72| 5.69! 5.66| 5.6
6.61 5.79 5.41 5.19 5.05 495 488 4.82 4.77 5 474! 468 462 456] 453 450| 446| 443 440| 4.36
5.99 5.14 4.76 4.5) 439 4,28 421 4.15 4.10 6 4061 400 13194| 187 3841 1381 3771 34| 3A710| 3.67
5.59 4.74 415 4,12 197 3.87 379 N 3.68 7 164 1.57 3.5 4 341 3.38 3\ 3.30 .27 123
5.32 4.46 4.07 3.84 3.69 3.58 3.50 .44 3.39 8 3.35 3.28 3.22 3.15 12 3.08 3.04 3.01 297 293
5.12 426 3.86 3.6 3.48 1.3 3.29 123 3.18 9 3.14 3.07 3.01 294 290| 286 283 2719 2.75 2N
4,96 4.10 LT 348 1.1 12 3.14 3.07 3.02 10 298 291 2.85 2.7 2.74 2.70| 2.66 2.62 2.58 2.54
4.84 398 3159 3.36 3.20 3.09 3ol 2.95 2.90 11 2.85 2.79 2.72 2.65 2.61 2.57 2.53 249 245, 240
4% 3.89 3.49 3.26 n 3.00 291 2.85 2.80 12 2.75 2.69 2.62 2.54 2.51 2.47 2.43 2.18 2.4 2.30
467 3181 3.41 3.18 3.03 2.92 2.83 2.7 2N 13 2.67 2.60 2.53 2.46 2.42 2.38 2.4 2.30 2.25 2.21
4.60 374 3.34 i1 2.96 2.85 2.76 2.70 2.65 14 2.60 2.53 2.46 2.39 2.35 2.31 2.27 2.22 2.18 2.13
454 3.68 3.29 3.06 290 2.79 21N 2.64 2.59 15 2.54 2.48 2.40 2.1 2.29 2.2 2.20f 2.16 2.11 207
449 3.63 3.24 3.01 2.85 2.74 2.66 2.59 2.54 16 2.49 242 235 2.28 2.24 2.19 2.15 2.11 2.06 2.0t
4.45 3.59 3.20 2.96 2.81 2.70 2.61 2.55 2.49 17 2.45 2.38 2.31 2.3 2.19 2.15 2.10{ 206 2.01 1.96
441 3.55 3.16 293 2.717 2.66 2.58 2.51 2.46 18 2.41 2.4 2.27 2.19 2.15 2.11 206 2.02 1.97 1.92
4.8 3.52 1 2.90 2.74 2.63 2.54 2.48 2.42 19 2.38 2.3 2.2} 2.16 2.11 2.07 2.0 1.98 193 1.88
415 3.49 3.10 2.87 2.7 2.60 2.51 2.45 2.39 20 2.35 2.28 2.20 2.12 2.08 2.04 1.99 1.95 1.90 1.84
4.32 3147 3.07 2.84 2.68 2.57 2.49 242 .37 21 2.32 2.25 2.18 2,10, 2.05 2.01 1.96 1.92 1.87 1.81
4.30 144 3.08 2.82 2.66 2.55 246 2.40 2.4 22 2.30 2.2} 2.15 2.07 2.03 1.98 1.94 1.89 1.84 1.78
4.28 1.4 3.0 2.80 2.64 2.53 2.4 2.7 2.32 2] 2.27 2200 2.1} 2.05 2.01 1.96 191 1.86 1.81 1.76
4.26 3.40 3.01 2.78 2.62 2.51 2.42 2.36 2.30 24 2.25 2.18 2.11 2.0} 1.98 1.94 1.89 1.84 1.79 1.73
4.24 139 2.9 2.76 2.60 2.49 2.40 2.4 2.28 25 2.24 2.16 2.09 2.01 1.96 1.92 1.87 1.82 1.77 n
4.2} 97 2.98 2.74 2.59 247 2.39 2.32 2.27 26 2.22 2.15 2.07 1.99 1.95 1.90 1.85 1.80 1.7 1.69
421 3.35 2.96 2.1 2.57 2.46 237 2.31 2.28 27 2.20 2.1} 2.06 1.97 1.93 1.88 1.84 1.79 1.73 1.67
4.20 14 295 2N 2.56 2.45 2.36 2.29 2.24 28 2.19 2.12 204 1.96 1.91 1.87 1.82 1.77 . 1.65
4,18 K X] 293 2.70 2.55 243 2.35 2.28 2.22 29 2.18 2.10 2.03 1.94 1.90 1.85 1.81 1.75 1.70 1.64
4.17 332 2,92 2.69 2.53 242 2.3 2.27 2.2 30 2.16 209 201 1.93 1.89 1.84 1.79 1.74 1.68 1.62
408 323 2.84 2.61 245 2.4 2.25 2.18 2.12 40 2.08 2.00 1.92 1.84 1.79 1.74 1.69 1.64 1.58 1.51
4.00 315 2.76 2.53 2.37 228 2.17 2.10 2.04 60 1,99 1.92 1.84 1.7 1.70 1.65 1.59 1.53 1.47 1.39
3.92 1.07 2.68 2.45 2,29 2.17 2.09 2.02 1.96 120 1.91 1.83 1.7 1.66 1.61 1.55 1.50 1.4 1.35 1.25
384 3.00 2.60 2.37 2.21 2.10 2.01 1.94 1.88 @ 1.83 1.75 1.67 1.57 1.52 1.46 1.39 1.32 1.22 1.00




~ Hence the dimensionless equation for defining heat-transfer under
laminar forced-flow conditions for the black-netting used in this

thesis was:

Nul; = 0.359% (%)'0-22 (Ree)°-64 [ ceee.e (9)

The reader is referred to Walpole et al (49) and Kennedy et al (50)
for detailed discussion on Linear and Multiple Linear Regression and
the optimisation of variables by use of the 'stepwise regression'

technique.

2.4 Boundary layer considerations

Figure 2 2 shows the cross-sectional dimensions of the apparatus used

for measuring the black-netting heat transfer coefficient. From this

. a = .1lm
.it can be seen that a boundary layer b

' b =0.05m

thickness of 25 mm and above will
FIGURE 22: BOX CROSS-SECTION

result in fully developed flow. The
maximum value of Reynolds number that is likely to be reached using
this apparatus is defined by the equation:

0.2.Velocity) =[m.£] = [0.004 x 0.455 )
u A 0.0l x 2 x 10

Rep

4]

9100
Since this is smaller than 5 x 18 the flow should always be laminar
in nafure; For laminar flow, Holman (41) quotes the following eguation

for boundary layer thickness on a flat plate:

G ={L.64 x ¢
(Rep)o'5

From this relationship, with the boundary layer thickmess 'o' specified
‘as 0.025 m, the entry length required for fully developed flow to occur
can be specified as:

¢ :(1‘-{»5 X I.ﬂ) metres ecccececsaccsssccncns ssecsocne (10)

where 'm' is the air-flowrate in kg/s. This criterion was used to

exclude fully developed flow data from the data used to formulate ecuation (2).
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2.5 A comparison of the internal and external black-netting

heat resistances

In order that the lumped-heat-ca@pacityanalysis can be applied to
determine the black-netting heat transfer coefficient, itwaénecessary
to establish that the internal heat resistance of the netting was much
smaller than the external or surface heat resistance. If this was the
case then the netting can be considered as being at uniform temperature
at any cross-section. Consider the cross-section of netting shown

below in Figure 23. The electrical analogy for the heat flow in this

T Tts ~ Ty T, Tre

e

FIGURE 23: TZE ELECTRICAL ANALOGY

situation is shown alongside. The symbols have the following meanings:

Ax = strand radius k = thermal conductivity of polyethylene
= 0.125 x 10=2 metres = 0.4 W/m.°C from Kinney (51)
Ap = perimeter area, h = convection heat-transfer coefficient
. A = superficial netting cloth area

The ratio {superficial area strand is assumed approximately equal to
superficial area nettin

the transmittance of the netting for normal radiation - which is 0.45 from

Appendix 3. This can be rewritten as:

(Apfﬂ) = 0.45 hence A = 0.71 Ap, but the convection
coefficient is based on the total (i.e. top and bottom) area. Thus

A=1.4 AP
Inspection of the results shows that 'h' varies between 26.6 and 5.9 W/m.°C.
The internal conduction resistance is N(Q.IZS X 10'3/0.4)= 0.0003125
The external convection resistance is ~.(1/26.6 x l.h): 0.02685

Thus the external resistance is 85 (or more) times larger than the internal

resistance.
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APPENDIX 3

THE CLEAR-POLYETHYLENE AND BLACK-NETTING RADIATION PROPERTIES

Radiation is electromagnetic in nature and spans wavelengths from
10*°-10"%,m. Figure 24 shows the spectrum of electromagnetic radiation as

defined by Beckman et al (17).

WAVELENGTH, um

0'° i0? i0® 04 102 10 102 04 0® 108
{ | | | T | | 1 | ]
Therma!
Rodiation .
W—Radar, TV, and Rodio ~————f ﬁﬁfrﬂ p——Gomma
Long Shor! Far Near ! X-roys roys
wove wave infrared Infrared  yvigibie
rodio radio 25-1000 078-25 038-078

FIGURE 24: SPECTRUM OF ELECTROMAGNETIC RADIATION
Radiation in the region of the electromagnetic spectrum from about 0.2
micrometres to about 100 micrometres is called thermal radiation and is

emitted by a surface as a result of its temperature.

The wavelength distribution from a body is a function of its
temperature, and Wien has shown {Beckman et al - 17) that the wavelength
corresponding to the maximum intensity of ©blackbody radiation is

calculated using the equation:

_ o)
S 2897.8 UMCK  tiiiiiiieiiiieraeranaianaeaaas (1)

This is known as Wien“s displacement law and is illustrated in Figure
25, which shows spectral radiation distribution for blackbody radiation

from sources at 6000, 1000 and 400 degrees Kelvin,

When radiant energy strikes a material surface, part of it is reflected,

part is absorbed and part is transmitted - as shown in Figure 26.
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'FIGURE 25: THE SPECTRAL DISTRIBUTION OF BLACKBODY RADIATION
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FIGURE 26: THE DISTRIBUTION OF RADIATION ON STRIKING A SURFACE
The reflectance 1is defined as the fraction of incident radiation
reflected, the transmittance is the fraction transmitted and the

absorptance is the fraction absorbed. From the 1law of energy

conservation it can be concluded that the sum of these is unity i.e.

D 4 T+ 0 = 1 eeeeeevsececsssscscsaccoasssnsnnanness (2)

By definition, a ©blackbody is a perfect emittér and absorber of
radiation. No matter what wavelengths or directions describe the
radiation incident on a blackbody, all of that radiation will be
absorbed. A Dblackbody is also a ﬁerfect emittér of thermal radiation.
The emittance of a surface is defined as the ratio of intensity leaving
the surface to that 1leaving a blackbody at the same temperature.
Kirchoff”s law (Beckman et al - 17) states that for any body in thermal

equilibrium:



where 'g! is the absorptance and ‘c!' is the emittance of the body.

The absorptance of a material can vary depending on the wavelength
characteristics of the radiation. By Kirchoff”s law, the same is frue.of
the surface emittance. Wien"s law implies that radiation characteristics
are source temperature dependent, and s0 it was suspected that the
simulated solar radiation (i.e. shortwave radiation) and low-temperature
radiation (i.e; longwave radiation) absorptances of the collector
surfaces would be different, and by Kirchoff”s law the same would hold
for the surface emittancea. Thus +the radiation properties of the
clear-polyethylene and +the black-netting were evaluated for both

simulated solar radiation and radiation from a low temperature source.

3.1 SIMULATED SOLAR RADIATIOR
3.1.1 The Clear-Polyethylene

The polyethylene has the tradename "Uvideck" and is manufactured by
Gundle Plastics as a greenhouse covering material. Its transmittance was
evaluated using the apparatus éhown in Photograph 9. Readings of
incident radiation were made before and after each test with a
thermopile and the polyethylene removed. The transmitted radiation was
measured with the polyethyiene cover in position at the required angle,

and the transmittance was calculated as:

transmitted radiation
©(8) = incident radiation e ()

e s s e p s a0t P erD e e e
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TRANSMITTANCE (1)
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FIGURE 27: THE TRANSMITTANCE OF THE CLEAR-POLYETHYLENE FOR SIMULAT
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Incidence

angle (2) ! 2 > 4
0 0.79 0.79 0.79 0.79 0.79
5 0.79 0.79 0.79 0.79 0.79
10 0.79 0.78 0.78 0.78 0.78
15 0.79 0.78 0.78 0.78 0.78
20 0.78 0.78 0.77 0.78 0.78
25 0.78 0.78 0.77 0.77 0.77
30 0.77 0.77 0.76 0.77 0.77
35 0.76 0.76 0.76 0.76 0.76
40 0.75 0.75 0.75 0.75 0.75
45 0.74 0.74 0.74 0.74 0.74
50 0.72 0.72 0.72  0.72 0.72
55 0.70 0.69 0.70 0.69 0.69
60 0.66 0.65 0.66 0.66 0.66
65 0.60 0.60 0.61 0.61 0.61
70 0.53 0.53 0.53 0.53 0.53
75 0.42 0.42 0.43 0.43 0.43
80 0.26 0.27 0.28 0.27 0.27

TABLE 6: THE CLEAR-POLYETHYLENE TRANSMITTANCE RESULTS

The clear-polyethylene reflectance was evaluated as a function of
radiation incidence angle using the apparatus shown in Photograph 10.
The thermopile was mounted on a rotatable arm which was used to measure
the specular reflection from the polyethylene. This was done by rotating
the thermopile so as to receive the reflected radiation at a reflection

angle equal to the incidence angle on the polyethylene (Photograph 10).
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Beckman et al (17) specify that the diffuse radiation reflectance can be

regarded as equal to the specular reflectance at an angle of sixty
degrees. Using this relationship, the total reflectance was calculated

as:

(o) (8) +p (60)° ........ .. (6)

Piotal pspecular specular

The results of these tests are given in Table 7 and are illustrated in

Figure 28.
Incidence o 0 :
Angle (6) specular total
5 0.07 0.19
10 0.07 © 0.19
15 0.07 0.19
20 0.07 0.19
25 0.07 0.19
30 o 0.07 0.19
35 0.07 0.19
40 0.08 0.19
45 0.08 0.20
50 0.08 0.21
55 : 0.10 0.2
60 0.12 0.24
65 0.16 0.28
70 0.21 0.33
75 0.31 0.43
80 0.47 0.59

TABLE 7: THE CLEAR-POLYETHYLENE REFLECTANCE RESULTS
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The clear-polyethylene absorptance

was evaluated wusing the

conservation of energy (Equation 2) i.e.

The results are presented in Table 8 and Figure 29.

Incidence

Angle (8)

80
5
70
65
60
55
50
45
40
35
30
25
20
15

10

0.08
0.07
0.06
0.06
0.05
0.04
0.03
0.03
0.03
0.03

0.02

TABLE 8: THE CLEAR-POLYETHYLENE ABSORPTANCE RESULTS
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Incidence

Angle (8) 1 2 > 4 2
85 0.0t 0.01 0.01 0.01 0.01
80 0.05 0.05 0.03 0.04 0.04
75 0.15 0.15 0.12 0.12 0.14
70 0.22 0.23 0.20 0.20 0.2t
65 0.27 0.27 0.25 0.25 0.26
60 0.3t 0.3t 0.30 0.30 0.3t
55 0.34 0.34 0.33 0.34 0.34
50 0.36 0.36 0.36 0.37 0.36
45 0.38 0.38 0.39 0.38 0.38
40 0.39 0.39 0.40 0.40 0.40
35 0.41 0. 41 0.42 0.42. 0.42
30 0.42 0.42 0.43 0.43 0.43
25 0.43 0.43 0.43 0.43 0.43
20 0.44 0.44 0.44 0.44 0.44
15 0.44 0.45 0.44 0.45 0.45
10 0.44 0.45 0.45 0.45 0.45
5 0.45 0.45 0.45 0.45 0.45
0 0.45 0.45 0.45 0.45 0.45

TABLE 9: THE BLACK-NETTING TRANSMITTANCE RESULTS
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The black-netting reflectance was also evaluated as a function of

radiation incidence angle, using the apparatus shown in Photograph 12.

thermopile

INCIDENT RADIATION

protractor

black-netting

Photograph 12: The Black-Netting Reflectance Apparatus

The procedure is exactly as specified in Appendix 3.1.1 for the

clear-polyethylene. The results are listed in Table 10.
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Incidence

Angle (8) i
85 0.02
80 0.02
75 0.02
70 0.02
65 0.01
60 0.01
55 0.01
50 0.01
45 0.01
40 0.01
35 0.01
30 0.01
25 0.01
20 0.01
15 0.01
10 0.01
5 0.01
0 0.01

TABLE 10: THE BLACK~NETTING REFLECTANCE RESULTS
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The ©black-netting absorptance for simulated solar radiation was

evaluated by wusing the above data and the law of energy conservation

(Equation 2) i.e.

a = 1-(p + 1) R ELEEEEPRTPRPRRE ceees (8)

The results are presented in Table 11 and shown graphically in Figure

31.
Incidence .
Angle (9)
85 0.97
80 0.94
75 0.84
70 0.77
65 0.73
60 0.68
55 0.65
50 0.63
45 0.61
40 0.59
35 0.57
30 0.56
25 0.56
20 0.55
15 0.54
10 0.54
5 0.54
0 | 0.54

TABLE 11: THE BLACK-NETTING ABSORPTANCE RESULTS
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3.2 RADIATION FROM A LOW-TEMPERATURE SOURCE

3.2.1 The Clear-Polyethylene

The clear-polyethylene transmittance was evaluated as a function of
incidence angle for radiation from a source at approximately 100 degrees
Centigrade, using the apparatus shown in Photograph 9. The radiation
source was a coil heater with a parabolic backing-plate, whose
temperafure was controlled by a variable-~voltage device. The temperafure
of the coil was monitored during the tests by a mercury-bulb thermometer

placed in direct contact with the coil.

The tests were conducted in exactly the same way as detailed in Appendix
3.1.1, the results being listed in Table 12 and presented graphically in
Figure 32. It is of interest to compare these figures with the value of
0.4, which is given by Close (52) for the transmittance of plastic film
to longwave radiation. For the clear-polyethylene used in these tests, a
transmittance of 0.5 is within ten percent of the measured values for

angles of incidence between O and 65 degrees (see Figure 32).

-121-



(1)

TRANSMITTANCE

0.7

0.6

0.5

Oo"“

0.3

002

0.1

90 80

FIGURE 32:

70 60 50 40 30 20 10
INCIDENCE  ANGLE (Degrees)

THE TRANSMITTANCE OF THE CLEAR-POLYETHYLENE FOR RADIATION FROM A SOURCE AT 100 °C




Incidence

Angle (8)

90 0
85 0.21
80 0.31
75 0.38 .
70 0.42
65 0.46
60 0.48
55 0.50
50 0.50
45 0.52
40 0.53
35 0.53
30 0.54
25 0.54
20 0.55
15 0.55
10 0.55
5 : 0.55
0 0.55

TABLE 12: THE CLEAR-POLYETHYLENE TRANSMITTANCE RESULTS

The normal-emittance of the clear-polyethylene was measured using a
Leslie-cube (see Photograph 13) and a thermopile. The cube contained
boiling water which maintained the faces and the materials glued to them

at 100 degrees Centigrade.
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The radiation relationship between the two surfaces is defined as:

q = O.e.F . -T% cereeenees (9)
cube~thermopile cube therm
' cube' is the absolute temperature of the carbon surface

and 'Ttherm' is the absolute temperature of the thermopile. Obviously,

an accurate answer vrequires an accurate knowledge of the thermopile
temperature. The following equation was used to derive the thermopile

temperature:

(T

them.fr;all) A G X0}

9 B O'Etherm'Ftherm_—wall'

The thermopile was pointed to the room walls (whose temperature was
deemed to be the average laboratory ambient-air temperature measured
during the course of the tests). The thermopile-to-wall shape-féctof was
unity and the carbon-black surface of the thermopile has an emittance of

0.99. Equation 10 can therefore be reduced to:

q 0,25
Tiherm = [(5.669 x 10°¢ x 0.99) * T:all.J ceeee. (A1)

Table 13 1lists the ' thermopile temperatures calculated using equation 11
and an average measured ambient-air temperature of 291.7 degrees Kelvin.
(The laboratory ambient-air temperature was measured before and after

the tests as 18.4 and 18.9 degrees Centigrade respectively).

Test q in mV Tthermopile
1 0.069 292.9
2 0.054 292.6
3 0.042 292.4
4 0.033 292.3
5 0.030 292.2

TABLE 13: THE THERMOPILE TEMPERATURES

-125-



Readings were taken three times and kaveraged for each test. The
thermopile output (in mV) was converted to a radiation intensity value
by using a conversion factor specified by the manufacturer i.e.

10.6 x 107> mV = 1 W/’
Equation 9 was used to calculate the shape-factor between the therdopile
and the face of the Leslie-cube. Three tests were conducted at each of
five different distances. The averaged results are listed in Table 14

and are iilustrated on Figure 33.

Column A

= Test number
Column B = Average thermopile output (mv)
Column C = Distance Between thermopile and Leslie-cube (mm)
Column D = Thermopile temperature (degrees Kelvin)
Column E = Cube-to-thermopile shape-factor
A B C D E
-1 0.889 4 ‘ 292.9 0.1246
2 0.892 6 292.6 0.1246
3 0.891 10 292.4 0.1243
4 0.867 15 292.3 0.1209

5 0.829 20 292.2 0.1155

TABLE 14: THE CUBE-TO-THERMOPILE SHAPE-FACTOR RESULTS

This shape-factor information  was utilised to  measure the
normal-emittance of the clear-polyethylene. The distance between the
thermopile and the polyethylene covered cube-face was kept constant at

14.8 mm. The corresponding "cube-to-thermopile” shape-factor was 0.1212
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(see Figure 33). Since the polyethylene transmits 55 percent of the
normal, low-temperature source radiation (see Figure 32), the

polyethylene emittance was measured using the following equation:

4 = O'Fcube—therm'gpoly'(T%:ube—T?:hermopile>
ceveenes (12)
~lo. . (T -T¢
* Tpoly (o Fcube-therm Ec+g ( cube therm>>
where ‘¢ 'is the emittance of the cynoacrylate-glue covered chrome

c+g

face, which had to be determined before the clear-polyethylene emittance
could be calculated. To achieve this, one of the chrome faces of the
cube was smeared with cynoacrylate-glue, and the following equation was

used to calculate the emittance:

£ T

= G. . -T .
9 © Fcube-therm c+g " “cube “thermopile

An accurate answer dépended on a knowledge of the thermopile
temperature. This was established by averaging the results of eight
tests to determine the radiation exchange between the thermopile and the
laboratory walls, and then using Equation 10 to calculate the thermopile
temperature. This was done before each of the eight tests on the
"cynoacrylate-glue" face and before each of the eight tests on the
"cynoacrylate-glue-polyethylene"” face. The averaged results are
presented in Table 15. (The laboratory ambient-air temperature was 18.8
and 19.0 degrees Centigrade before and after the tests respectively,

hence the average ambient-ailr temperature was 292 degrees Kelvin.)
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[ep} Ut

1 0.007 0.742 0.012 0.833
2 0.011  0.735  0.014  0.823 Colunn 4 = Test number
3 0.012 0.728 0.016 0.827 Column B = The?mopile-wall
v Radiation (mV)
i 0.01 0.72 0.018 0.82
2 27 4 Column C = Chrome+glue-therm
0.01% 0.7%1 0.019 0.824 Radiation (mV)
Column D = Thermopile-wall
0.01 0.741 0.020 0.821 p
4 7h 2 2 Radiation (mV)
0.011 0. 0.022 0.81
7 739 7 Column E = Throme+glue+poly-therm
8 0.011 0.743 0.022 0.820 - Radiation (mV)
Average Values
0.012 0.736 0.018 0.824

TABLE 15: RADIATION RESULTS BETWEEN THERMOPILE, WALL, CHROME-AND-GLUE

COMBINATION AND CHROME-AND-GLUE~AND-POLYETHYLENE COMBINATION

The thefmopile temperature was calculated usingbequation (10) with

the data averaged values in columns. B and D in Table 15. The results
indicate that thevthermopile temperature averaged at 292.2 degrees
Kelvin for the chrome-and-glue combination and 292.3% degrees Kelvin for

the chrome-and-glue-and-clear-polyethylene combination.

Now, from equation (13), the chfome-and-glue emittance was calculated as:

0.736 / 10.6 x 10-=2

€

ct+g
5.669 x 107 x 0.1212 x (37%* - 292.2%)
= 0.84
 Using equation {12) in a similar way with = 0.55 allowed the

polyethylene

polyethylene emittance to be calculated as:

“polyethylene ~ 0.48
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3.2.2 The Black-Netting Properties

The transmittance of the black-netting was evaluated in exactly the same
manner as that described in Appendix 3.1.1 for the clear-polyethylene.

The results are listed in Table 16 and are shown in Figure 34.

Incidence _
Angle (5) " 2 13 i K
85 0.17 _ 0.10 _ 0.11 0.1 0.12
80 0.24  0.17  0.19  0.17 0.19
75 0.28  0.25  0.27  0.23 0.26
70 0.33  0.32  0.33  0.30 0.32
65 0.39  0.37  0.38  0.36 0.38
60 0.44  0.41  0.42  0.41 0.42
55 0.46  0.43  0.45  0.45 0.45
50 0.48  0.46  0.45  0.47. 0.47
45 0.49  0.48  0.48  0.50 0.49
40 0.51  0.48  0.47  0.49 0.49
35 0.51  0.49  0.50  0.51 0.50
30 0.52  0.51  0.52  0.51 0.52
25 0.55  0.51  0.52  0.52 0.52
20 0.54  0.52  0.53  0.52 0.53
15 0.54  0.52  0.52  0.52 0.53
10 0.54  0.54  0.52  0.52 0.53
5 0.55  0.52  0.52  0.52 0.53
0 0.56  0.52  0.52  0.52 0.5%

TABLE 16: THE BLACK-NETTING TRANSMITTANCE FOR RADIATION FROM A

LOW-TEMPERATURE SOURCE
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The normal-emittance of the black-netting cloth was evaluated in exactly
the same way as is detailed in  Appendix 3.2.1 for the
clear-polyethylene. The average laboratory ambient-air temperature was
determined to be 292.6 degrees Kelvin. Six tests ﬁere conducted and the
results are listed in Table 17.

Column A = Test Number

Column B = Thermopile-wall radiation (mV)
Column C = Average thermopile—wéll radiation output (mV)
Column D = Chrome+glue+black-netting - thermopile radiation output (mV)
Column E = Average chrome+glue+black-netting - thermopile radiation
output (mv)
A B C D E
1 0.011 - - 0.758 -
2 0.011 - 0.771 -
3 - 0.012 0.013 0.767 0.764
4 0.014 - 0.763 -
5 0.014 - 0.761 -
6 0.014 - 0.764 -

TABLE 17: RADIATION RESULTS BETWEEN THERMOPILE, WALL AND

CHROME~AND-GLUE-AND-BLACK-NETTING

The average thermopile temperature was evaluated using Equation 10 as
292.8 degrees Kelvin. The emittance of the black-netting was derived

using the equation:

t
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q/A = O.F € .(T4

cube-thexmf n cube-TtheIm

)

* Tn'(p'Fcube-therm'€c+g'(Ttube-TtheIm) reeeee (1)

The emittance of the "cynoacrylate-glue" surface was evaluated as 0.84
in Appendix 3.2.1, .whilst the normal low-temperature radiation
transmittance of the black-netting is listed in Table 16 as 0.53. Use of

equation 14 allowed the black-netting normal-emittance to be calculated

as:

€black-netting 0.43

The normal-emittance of black-netting at a temperature of about 100
degrees Centigrade (as derived above) applies to the superficial area of

the netting.
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APPENDIX 4

THE SOLAR SIMULATOR

4.1 The Selection of a Suitable Simulator Radiation Source

The most suitable 1light for a solar-simulator radiation source is the

subject of some controversy. The most cdmmonly used lights include:

(a) Xenon-Arc

The Xenon-Arc has an output spectrum which covers the full solar range
(see Figure 35). The peaks that occur around 0.8 micrometres can be
filtered out using absorption glass filters. Pekruhn et al (24) have
recognised the need for optical filters to produce an acceptable
spectrum. This aspect reduces their desirability, since narrow-band
optical filters are expensive and diminish the overall radiation

intensity on the test plane.

Benning (21) states that Xenon-Arcs are commonly used as radiation
sources for the testing of solar cells in Denmark, Germany and France,
since they have the merit that variations in power do not cause any
appreciable shift in the radiation spectral balance (Beeson - 25).
However, the Xénon-Arc is not an efficient converter of electrical +to

radiative power (Gillett - 23).

(b) Tungsten-Halogen Quartz Filament
McMillan et al (26) have investigated the feasibility of using

Tungsten-Filament lights for a solar simulator radiation source. They
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cite lower costs as the major advantage over the Xenon-Arc. The light
suffers from a lack of Ultra-Violet (short wavelength) radiation and a
surplus of Infra-Red (long wavelength) radiation. This is a result of
the maximum-temperature restrictions that exist for the tungsten
filament. Gillett (23) mentions that most Tungsten—Fiiament lights have
restrictions regarding their burning position because of the halogen

cleansing cycle which is driven by natural convection.

(c) Compact-Source Todide-Arc

.
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FIGURE %6: THE CSI LAMP SPECTRAL DISTRIBUTION (Giilett - 27)

-136~



45

4O

35

30

25

Lz

Intensity

Relative

v

220 V
t F_‘_P,.zoo v
HE [

: ji h

] i

il L’;w"
L I
: ? )Y 140 V
8L [ ALY h
P& Iy i
L& AL
! ! . o
e P
HERE P
N NJd N
A } \ !

SR Y

o
X . &
0.38 0.42 0.46 0.50 0.5k 0.58 0.62 0.66 0.0 O.0h 0.8

FIGURE 37: THE CSI LAMP SPECTRAL DISTRIBUTION FOR THREE DIFFERENT INPUT VOLTAGES (Wavelength in microns)




The CSI 1light was designed to provide light ét football stadia for
colour-television filming. The light has good broad-band spectral
éonformity to that of sunlight (see Figures 35 and 36), and is a more
efficient light than the Xenon-Arc. There are tﬁo narrow-band high
output-power spikes whose presence (plus small spectral shifts that take
place at part load) make the light unsuitable for testing photovoltaic
devices. This is confirmed in Figure 37, which shows the effect on the
CSI lamp spectrum of changing input voltage (investigated by the author
with a prism spectromet;r). Figure 37 contains plots of radiation
intensity'as a function of wavelength for input voltages of 140, 200 and
220 volts respectively. Beeson (25) states that the low ultra-violet
output makes the light unsuitable for ultra-violet degradation testing.

An advantage of the light is that it can operate at any angle.

The CSI lamp has most of the qualities required of a solar simulator
radiation source, and was accordingly selected as the radiation source

for the solar simulator in this thesis.

4.2 The Solar Simulator Design

The solar simulator was constructed to the specifications shown in
Figures 38 and 39. These specifications were drawn up after consulting
the BSE guidelines on solar simulator design (15), and Gillett's work
(23 and 27) on simulators and indoor testing, and after the completion
of optimisation tests described hereunder. Figures 38 and 39 show the
simulator frame and the trolley on which the radiation sourceé were

mounted. A winch-and-pulley system was used to raise and lower the
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trolley on the curved (50 x 50 x 6)mm T-stock. The simulator is shown in

Photograph 14.

In order to optimise the dimensions of the simulator, measurements were
made of the radiation intensities of each CSI light. Sincé the maximum
insolation on a January day in the Cape Peninsula is approximately 1000
Wafts per square metre (see Appendix 17), it was desirable to choose a
distance between the radiation sources themselves, and a distance
between the radiation sources and the greenhouse model that would enable
the CSI 1lamps to radiate a maximum of approximately 1000 Watts per
square metre on the test surface in as uniform a manner as possible, and
over the largest surface area. The radiation intensities were measured
on a plane normal to each 1light source, one light at a time, at a
distance of 1.9 metres from the source. The resultant data was plotted
as contours of constant radiation intensity, which are shown in Figures
40 and 41 for each of +the lamps. Using the principle of 1linear
superpésition the most uniform radiation intensity distribution was
found to be that shown in Figure 42. This distribution is obtained by
mounting the 1lights about 0.3 metres apart, which results in a'maximum
greenhouse model dimension of 0.455 metres by 0.15 metres if the
variation of the radiation intensity from the mean value is to be kept
smaller than 10 percent (BSE-15). The model dimensions are a factor of
sixty-six times smaller than a typical commercially available

greenhouse.

The simulator design incorporates the ability to change the source
altitude angle, azimuth angle and the radiation intensity. The source
altitude is varied by raising/lowering the trolley (i.e. the radiation
source) on the curved T-stock. The azimuth angle is varied by rotating

the test device in the horizontal plane, whilst radiation intensity is
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controlled by varying the voltage supplied to the lamps.
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APPENDIX 5
SOLAR COLLECTOR CONDUCTION HEAT TRANSFER CONSIDERATIOKS

The flow of heat by conduction through the edges of the covers
and the black-netting is assumed in the theoretical analysis to
be negligible. The justification for this is appreciated by

examining the following worst case calculation, using the equation:

4 ‘

Q= -k x A x (%g A ¢ D

Kinney (51) cites a value of O.4 W/m°C for the thermal conductivity
of polyethylene.

(a) The model Baird-type solar collector

The thickness of the polyethylene was measured to be 0.1 x 10 ®m.
Examining the potential conduction heat loss from the black-netting
to the clear-polyethylene cover:
The contact area will not be larger than twice the collector length
multiplied by the polyethlene thickness i.e.

A£2x 0.45 x 0.1 x10° =9.1x 10° o
Iﬁspection of the results shows that the netting temperature was
never more than 25 °Centigrade higher than the cover temperature.
The distance between the centre of the net and the polyethylene cover
is 50 x 10~® m. The worst conduction heat-loss can be estimated to be:

Q = 0.4 x 9.1 x 105 x(25/50 x 10723)

i

0.018 Watte

The input energy to which the collector is subjected is 852 W/m° ,
which is 3%8.8 Watts on the absorber surface. The estimated conduction
heat loss is thus considered negligible, being

0.018

38.8 x 100 = 0.05 % of the energy input.
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(b) The life-size Baird-type solar collector

Examining the potential conduction heat-loss from the black-netting

to the clear-polyethylene cover in the same manner as in (a):

The contact aréa will not be larger than twice the collector length

multiplied by the polyethylene thickness i.e.
A€2x30x0.1x10° = 6x 107 o’

Inspection of the results shows that the netting temperature was

never more than 25 degrees Centigrade higher than the cover

temperature. The distance between the centre of the net and the

polyethylene cover is 3.3 m. The worst conduction heat-loss is thus

estimated to be:

Q

0.4 x 6 x 1072 x (25/3.3)

0.018 Watts

The incident radiation on the absorber surface can be approximated
as 500 W/m®. The input energy to the solar collector is thus:

500 x 20 x 6.6 = 99 x 10®Watts
The estimated conduction heat-loss is thus negligible, being

0.018

39 x 17 X 100 = 1.8 x 10™® % of the input energy.
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APPENDIX 6

CALCULATION OF FLOWRATES THROUGH THE TOP ARD BOTTOM COLLECTOR

SECTIONS

(a) The model Baird-type solar collector

In the laminar ranges of flowrate, the ratio of flowrate that passed
through each collector section was calculated as a direct proportion

of the section cross-sectional area tovthe total collector cross-
sectional area. Appendix 13 contains calculations of the cross-sectional

areas of the laboratory model. The results of the calculations are:

Area top section = 1309 mm®
Area bottom section = 1202 mm’
Thus, Total cross-sectional area = 2511 mm® '

The ratio of the total flow passing through the top section is thus:

rht = (_1}9‘2> = 0.52 x m ceties e teeessaena e (1)
2511

m_ = 1202 .

b T GeT) = 08 x i e e .o (2)

In the turbulent ranges of flowrate, Darcy's equation for head lost
due to friction in a pipe may be used to calculate the proportions of

flowrate that pass through each of the collector sections.

i.e. he =[4 . f .t ?] e e i eee (3)
2 .g .4 .
where f = Darcy friction factor { = pipe length (metres)
d = pipe diameter (metres) u = mean fluid velocity (m/s)
g = constant for gravitational acceleration (m/s’)
hf = head lost due to friction in a pipe (metres of water)

Darcy's equation is specified by Massey (57). Since both the top and
bottom collector sections are connected to common inlet and outlet
'headers'; it can be concluded that the head lost due to frictionm in
the top section will equal the head lost due to friction in the bottom

section.

-149-



The following calculation shows, however, that the range of flowrates
tested never entered the turbulent regime, so further analysis using

Darcy's equation is not presented.

For laminar flow, Red < 2000 i.e.

Top section:

e [t
Since the sections are noh-circular, the equivaient hydraulic diémeter
was used in place of the diameter. The top séction hydraulic diameter:
was calculated in Appendix 13 as:
d = 0.0249 metres

ht

thus, for laminar flow:

2000 > l:rht x 0.0249 }
1309 x 107® x 2 x 10-°
thus ﬁt < 0.002102 kg/s

from which
m < 0.0040 kg/s using Equation (1)
Bottom section:
2000 > [mb x dhb]
: W

A x

The bottom section hydraulic diameter was calculated in Appendix 13 as:
dhb = 0.0194 metres

thus, for laminar flow:

2000 > ﬁb x 0.0194
1309 x 10™® x 2 x 107®
thus éb < 0.002478 kg/s

from which

m < 0.005163 kg/s using Eqation (2)

Since the total mass-flowrate was always less than 0.0040 kg/s the flow
regime inside the collector was laminar for all the laboratory tests.

R N =YY



(b) The life-size Baird-type collector

From the dimensions given in Appendix 12 it can be seen that the
top and bottom cross-sectional areas and shapes were identical.
Since this was so, it follows that the flow was equally divided

between the top and bottom sections i.e.

e

0.5 x

He
il

He

Iil = 0.5 X

-15]1~



APPENDIX 7

CONSIDERATIONS OF BOUNDARY LAYER GROWTH

(a) The model Baird-type solar collector

In the tests, the maximum flowrate was approximately 0.0040 kg/s.

Thus the maximum flowrate in the top section was:

rht (0.004 x 0.52) 0.0021 kg/s (from Appendix 6)

and m (0.004 x 0.48) 0.0019 kg/s

b

This can be used to calculate the maximum Reynolds numbers in the top

and bottom sections i.e.

Remax top - ( t )
(£=0.455) A . w

(0.0021 x_0.455 )
1309 x 10® x 2 x 10~°

0.37 x 1P

1

Remax bottom (mb - )

(£=0.455) -

(0.0019 x 0.455 )
1202 x 10~® x 2 x 10-®

0.26 x 10°

Since the Reynolds numbers were both below 1.5 x 1C°, the flow can
be considered to have been laminar over the flat-plate.

Considering the top section:

For the purposes of this analysis it is convenient to equate the cross
sectional shape of the top section of the collector to the rectangle shown

below in Figure 43.

]
F
. I:

L _ | 1. 1
v 100 L 100 ot

FIGURE 43 : THE EQUIVALENT RECTANGLE OF THE TOP COLLECTOR SECTION




Equality of areas defines the equation:

Area

Therefore

b=1

= 1209 = 100 x b

Z.1 mm

So the critical boundary iayer thickness can be evaluated as half this

thickness i.e.

o .
crit

. = 6.6 mm (for the onset of fully developed flow)
ical top

Since the boundary layer is laminar, the boundary layer thickness is

defined for flow over a flat-plate by Holman (41) as:

Now

g

]

Ref

2

(?Rii)::) ................................. P O B

(ﬁ X E)
AXxpu

Substituting this into equation (1) and reworking the subject results in:

(oY
|

where '2' is

= (=L oy By e e (2)

L.64 AXy
the distance form the leading edge of the plate for the

boundary layer to become 'c' meters thick for a fluid of dynamic

viscosity 'u'flowing with a flowrate 'm' through a cross-section of area

IAI

Substituting values for the top section into (2):

L, = (0.0066)2 ( 1 ) % &
TL.64 1309 x 10° x 2 x 108/ * M
Thus Et = 77.28 x ﬁt MEetres .coeeeee. C et eate et (3)
Considering the bottom section:

‘The cross-sectional shape of the bottom section can be equated to the

shape of the rectangle shown in Figure L4 .

100
~ a
"I | [ . ol
'— 120 ML 120 L
FIGURE 44: THE EQUIVALENT RECTANGLE OF THE BOTTOM COLLECTOR SECTION

I =y 3



Equality of areas defines the equation:

Area = 1202 = 110 x a
Therefore
a = 10.9 mm

Thus

= 10.9 /2 = 5.45 mm

Ocritical bottom

Substituting values for the bottom section into (2):

£, = ,0.0055.° 1 .
b Y ¢ o x 100 x 2 x 10w X By
Thus Eb = 58.4 x ﬁb metreé ............................ ()

To appreciate which section is to be the first to attain fully

developed flow, consider the following analysis:

£, = (77.'28 x 0.52 x rﬁ-) from equation (3)
= LO.2X M eeenn et et (5)

and - £, = (58.4 X 0.48 x rh) from equation (4)
= 280X M eeerenncnonns Ceeeeaae et teeeeaeaeaaa (6)

Thus it appears that the bottom section is the first to become
[} ] ]

fully developed for a given flowrate 'm' (at any distance 'x' from

the leading edge )-

The precéding analysis was based on the consideration of the laminar
boundary layer growth for flow over a flat-plate. It is of interest

to note what predictions result from a consideration of the flow in
the collector cross-sections to be analagous to flow in tubes. In this

case the Reynolds numbers can be calculated as:

Rey (max top) ~ ( Ay X mt)
box Atop

(0.0249 x 0.00 208 ) »~ 1978
2 x 107® x 1309 x 107



Similarly, the maximum Reynolds number in the bottom section is:

Rey (max bottom) ~f %mb X b _ )

bX Ay ttom

(0.0194 x 0.00192 ) ~ 1549
2 x 10° x 1202 x 107

Thus, if the onset of turbulence is defined to take place at Red = 2000,
it appears that flow in the collector sections never became turbulent
during the tests. Thus the concept of hydraulic radius is inapplicable

according to Massey (57).

(b) The life-size Baird-type solar collector

The flowrate through the life-size Baird-type colléctor was of the
order of 10 kg/s, and this allows the Reynolds number to be calculated

as:

Rey_z0 (___mx 4 )=(5x30 )

A X b 0.3 x 6.6 x 2 x 10™®

3.8 x 1CP

)

(Collector dimensions come from Appendix 12)
Since this value is larger than 1.5 X 10°, it suggests that the flow

could result in turbulent conditions.l
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APPERDIX 8

DERIVATION OF THE COLLECTOR LONGWAVE-RADIATION ELECTRICAL ANALOGY

CIRCUIT

Consider the situation shown in Figure 45, which is a representation of
the model Baird-type collector media and surroundings that exchange

longwave radiation.

ANNNNNNY
ONNN NN NS

NN NNNNG

SNNNNNNN

4
medium 's' medium 'ct' medium 'n' ‘ medium 'cb'  surface 'g'

medium 'ce'

FIGURE 45: THE BAIRD-TYPE GREENHOUSE AND SURROUNDING MEDIA

The following assumptions have been made:

(1) all media were considered to be transmitting, absorbing and
non-reflecting to longwave radiation.

(2) the (ground) surface was considered to be absorbing, reflecting and

non-transmitting to longwave radiation.
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Consider the GROUND-SKY interaction:

0f the energy leaving the surface "g", the amount absorbed by the medium

T . «T «T , .00 A F oJ = A LF J.(1- .(1- (1=
cb n ct OLs g g5 g Es g g-s Jg (1 Ecb) (1 En) (1 Ect)

(i.e. assuming Kirchoff”s identity). "J " is the radiosity of the ground
and is the sum of the (longwave) energy emitted and the (longwave)

energy reflected, since no energy is transmitted. It can be written as:
J = E » + .G
g g Eb% pg

0f the energy leaving the medium "s", the amount absorbed by the surface

g 1is:

ch.Tn.Tct.ss.Ebs.As.Fs_g = gS.Ag.Fg_S.EbS.(l—scb).(l-sn).(l-sct)

Note: (a)'ASpF is one of the reciprocity relations for

=A .F !
“s"s-g g gs
shape factors as defined by Holman (41)
(b) 't=1-a' is the form of the law of conservation of energy if

the reflectance is assumed to be zero.

(¢) 'a=¢c' is the assumption of Kirchoff”s identity.
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The net energy exchange between surface "g" and medium "s" is:

Q = AT .ss.(l—scb).(l-sn).(l-gct).(Jg-Ebs)

g-5 g  g-s
(Jg—EbS)
1

Ag.Fg_S.es.(l-scb).(l—sn).(l—ect)

Consider the GROUND-TOP COVER interaction:

Of the energy leaving the surface "g", the amount absorbed by the top

cover medium "ct" is:

A F et g %t T Teb Ag.Fg_Ct.Jg.ect.(l—en).(l-ecb)
Of the energy leaving the top cover medium "ct", the amount absorbed by

the surface g 1is:

A F J LT T A F . . - -
ct’"ct-g"ct’'n" “cb g g-ct Fct Ebct'(1 En)°(1 Ecb)

The net energy exchange between surface "g" and the medium "ct" is thus:

J -
o-ct g 1Ebct

t.(l-en)-(l—ec )

Ag'Fg-ct'Ec b
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In a similar manner to that shown above, the net energy exchange between

surface "g" and the netting medium "n" can be calculated as:

Q = g = B
1

(1-¢ )

n' cb

A €

F .
g g-n

Likewise, the net energy exchange between the surface "g and the bottom

cover medium "cb" is:

Qg—cb = Jg B Ebcb
1

Ag'Fg-cb'ECb
Consider the BOTTOM COVER-SKY interaction:

Of the energy leaving the bottom cover medium "cb", the amount which

reaches medium "s" is:
A F ) X oT T = A F
cb gb—s cb"s" ¢t 'n cb cb-s'ecb'Ebcboes.(l-ect).(l-en)
Of the energy leaving the sky medium "s", the amount which reaches the
bottom cover "c¢b" is:

Y . .
s s-cb s Och Tct Tn

A_F. e .. .E .(1- e
cb  cb-sFecb s Ebs (1 Ect)'(l En)
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The net energy exchange between the bottom cover and the sky is:

ch-s

Ebcb B Ebs
1

Acb.Fcb_s.ecb.es.(l—ect).(l—en)

Similarly, the net energy exchange between the black-netting medium "n

- and the sky "s" is:

Qn-s = Ebn ; Ebs

n.Fn_S.sn.es.(l—ect)
Likewise, the net energy exchange between the top cover medium "ct" and

the sky "s" is:

= Ebct B Ebs
1

Qct-s

Act'Fct4s'€ct'€s

Consider the NETTING-TOP COVER interaction:

Of the energy leaving the black-netting medium "n", the amount which is

absorbed by the top cover medium "ct" is:

An'Fn-c"t,'Jn'act = An'Fn-ct'Ebn'en'ect

Of the energy 1leaving the top cover medium "ct", the amount which is
absorbed by the netting medium "n" is:

A F . . = . . . oE’
¢t ct-n Jct ah An Fn-ct Ebct €ct En

The net energy exchange between the netting medium "n" and the top cover

medium "ct"” is therefore:

Qoct = E%n ~ Ebct | !
1

An'Fn-ct'en'sct

-160-



Similarly, the net energy exchange between the netting "n" and the

bottom cover "cb" is:

Qn—cb = Ebn _lEbcb

n'Fn-cb'En'Ecb

Also, the net energy exchange between the bottom cover "cb" and the top

cover "ct" is:

ch—ct

Ebcb - Ebct
, 1

Aop Fepact b et (1-€,)

Consider the GROUND-EDGE COVER interaction:

Of the energy leaving the ground surface "g", the amount which is

directly absorbed by the edge cover medium "ce is:

A F J oo A F J_.g
g gout-ce g ce g gout-ce g “ce

Of the energy leaving the edge cover "ce", the amount which is directly
absorbed by the ground surface "g" is:

Ace'Fce—gout'Jce - Ag'Fgout—ce'Ebce'Ece

The net, direct energy exchange between the edge cover "ce” and the

ground surface "g" is:

J -
gout-ce & lEbce

A F .E
g gout-ce “ce
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Similarly, +the net indirect enefgy exchange (i.e. that which passes
through the bottom cover) between the edge cover "ce" and the ground

surface "g" is:

. 5
Qgin-ce = —£& 7 Ebce

g'ngn-ce'sce'(l_ecb) |

Thus the net energy exchange between the edge cover "ce" and the ground
surface "g" is the sum of the direct and indirect exchanges i.e.:

Q = Q

g-ce gout=-ce

+Q

gin-ce
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Ebct » AAA Ebcb

Ebce

FIGURE 46

(For explanation of symbols, piease turn page)

THE BAIRD-TYPE SOLAR COLLECTOR LONGWAVE-RADIATION ELECTRICAL ANALOGY CIRCUIT




Explanation of Symbols used in Figure 46:

(a)

(b)

(¢)

(a)

(e)

(£)

(g)

(h)

(1)

(3

(k)

(1)

(m)

(o)

Ebs = 0.(Ts)*

Ebct = o.(Tct)*

Ebce = o.(Tce)?
Ebn = o.(Tn)*
Ebcb = o.(Tcb)*
Ebg = o.(Tg)*

Jg = sg.Ebg + pg.G
1/(Ag.Fg_s.ss.(l—scb).(l-sn).(l—sct))
(l—sg)/(sg.Ag)

l/(Acb.Fc €

b-s cb'ss'(l_sct)'(l-sn))

/(8 e gy (Lme ) (1e )

ct b

1/(An.Fn_s.sn.ss.(l—sct))

1/(Ag.Fg_n.sn.(l—scb))

1/(Acb.F

J
cb-ct'scb'sct'(l_sn))

l/(An°Fn-ct'En'Ect

/(A F_ e e o

1/(Ace.Fce_Sin.gce.ss.(1-gn}.(1-ect))
1/(Ace°Fce-sout'Ecev'ss)

1/(Ag'Fgout—ce”Ece

1/(Ag.ngn_ce.ece.(l-scb)) (n) = 1/(A
1/(Acb'Fcb-ced':cb't':ce (p) = 1/(a

=164~
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APPENDIX 9

THE SOLUTION OF “N" SIMULTANEOUS, NON-LINEAR EQUATIOKS USING

NEWTON™S METHOD AID.GAUSS-JORDAH ELTMINATION

The solution of a set of 'N' non-linear equations using Newton's method
requires that 'N' linearised equations be solved. Gauss-Jordan elimination

is used for this purpose.

(a) The solution of a set of linear equations using Gauss-Jordan elimination:

.Consider the simple example of three linear equations:

3x1-x2+.2x3 e I (1)
X, + 2x2 + BXB e 1 (2 )
2X1,— 2x, - Xy = 2 et ici ittt it tc e (%)
Multiplying (1) by -1 and (2) by 3 and adding eliminates ‘xl'.
Similarly, multiplying (1) by -2 and (3) by 3 also eliminates 'xl'
Thus: | |
Bxl—x2+2x3'= 12 eeieiiiiiiiiie e, (&)
7x2 + ’7x3 = 3 (5)
-4x2 - ’7x3 = =18 ....... et .(6)
Eliminating 'x,' by multiplying (5) by -4 and (6) by 7 and adding.
Thus:
_3x1 e 2x3 e 1 (7)
7x2 + ’7x3 R (8)
‘-21x3 = =42 ..., Ceeetreceracancaceaeneas (9)
Obviously x, = 2 from (9), and back substitution gives X, =1, x; = 3.

3
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Presenting the same problem in matrix notation:

3 -1 xl 12
1 2 3 X5 = |11
2 =2 -1 x3 2
or
Ax = b

" The arithmetic operations affect only the coefficients and the constant
terms, so it is only necessary to work with the matrix of coefficients

'augmented' with the 'b' vector i.e.

A§h= 3 -1 2 ;12
|
1 2 3 E 11
2 =2 =2 E 2
Eliminate the first coefficient in the 'i'th row by adding '- 2il' times

a
the first equation to the 'i'th equation. 1

Similarly, the leading coefficients of successive rows are eliminated by
again multiplying by the corresponding negative ratio of coefficients

and adding. Thus:

3 -1 2 12 3 -1 2
1 2 3 1 R, + (-1/3)R} —= |O 2.333 2.334
2 -2 -1 2 Ry + (-2/2)R; —= O -1.334  -2.332 -
and finally
3 -1 2 12
0 2.333  2.334  7.004
R, + (1.334) R, 0 0 -1.000 -1.993
2.333

This method is called 'Gaussian elimination'. Back substitution gives

X2

values from 2, 1 and 3 are due to the effects of round-off.

x3 = 1.993, = 1.008 and xl = 3.007. The differences of these

=166~
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The 'Gauss-Jordan scheme' eliminates the coefficients in the rows above

the working row as well as those below during the same step. This involves
more arithmetical operations, but back substitution is'then avoided.

The effects of round-off errors can be minimised by utilising techniques
that involve interchanging rows and columns and is known as 'elimination
with a pivoting strategy'. For further information the reader is referred

to Gerald (54) and Henrici (55).

(b) The solution of a set of non-linear equations using Newton's method :

This is an iterative method in which convergence is guaranteed provided
that the initial 'solution-guess' is near enough the solution. Each

iteration involves solving a set of linear equations. The method is as

follows:

Arrange the equations as fi(xl, x2, ceney xn) = 0 lgi<n
. . . »f. ' <

Form all the partial derivatives ( 1) , 1<j<n

bxj
' 1

The partial derivatives are the coefficients aij in the matrix 'A'

(they are still functions of Xj, ...., xn).

Make the initial solution guess:

L - x O xo° % ©
2 _— _1’ _2’ o o o o 0 o ,m
Evaluate 'b°' where bio = fi(gé)
(i.e. the 'i'th function value calculated using the values xlo, x2°, ceey X
Presumably 'b°' is smallish but not zero)
1,00 o df. 1,91
Evaluate "A"' where Ai' = ( 1’ evaluated at 'x .
J »X
Solve A% z = b°
>f,  »f e ] ] | ]
°f; ¥ ¥ i £, (%)
d%y bx2 bxn .l .
bfn - bfn . f(ZO)
bx ssescssoscccs e -bx Zn n
L S B | -

=16T=

n
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The solution for 'z' is obtained using Gauss-Jordan elimination

performed on the 'n' linear equations above. The next solution
approximation is '51' and is calculated as:

1 o
X = X =-Z

1,

The procedure is iterated using 'x™' which in turn genrates an

2y

improved approximation 'x"'. This is repeated until a satisfactorily

accurate solution has been obtained.

Proof for convergence of Newton's method in 'n' dimensions (Smart - 56):

Suppose 'z*' is the exact root i.e.

£ = 0 for 1<i<n

and suppose '3?' 1s a fairly good approximation i.e.

L = _# - h° where h° is small
then define

¥ = X -3z where z.vf, = fi(z?) for 1< i<n
and let & = x* - n*

Convergence will be proved if it can be shown that 'h*' is smaller than 'h%".

So: I S

:5*—}_{01'2

:_O+E

1 - W _ ) o
Therefore g..vfi = h .vfi + g.vfi = fi + I .Vfi

|
]
~~
g™
+
%o

but 0 = £, (x*) =

fi° + g?.vfiq + 2nd order terms (Taylor Series expansion - 53)
Therefore

hl

squares of h° elements.

For conditions guaranteeing convergence and more detailed explanations

of Newton's method, the reader is referred to Gerald (54) and Henrici (56).
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Example:
Solve for 'x' and 'y' such that:
¥ o+ ¥
£ - ¥

These are two non-linear equations. The solution represents the

"

2

1

]

intersection of the hyperbolas generated by ¥ - ¥ =1 and the
circle generated by £+ y2 = 2.
filx,y) =% +y¥ -2

B(x,y) =& - ¥ -1
A =dfh 2} = 2x 2y
dx dY
2 2 _
A% oy 2x -2y

Guess: ¥ = (1,1) thus b®=0 and B° = -1

L =12 2
2 =2
Solving &,z = b
2 2 Zy | _ 0
2 =2 2, -1
from which 2z = (z,, zb) = (-0.25, 0.25)
Hence ¥ = ¥ - z = (1, 1) - (-0.25, 0.25)

= (1.25, 0.75)

The process is now repeated until a satisfactorily accurate answer

is obtained. A computer program for solving linear equations using
Gauss-Jordan elimination was modified and tested with the above example.
After five iterations the solution offered was X = 1.224 and y = 0.707
Resubstitution into the equations at the top of the pége validates the
érogram, although the accuracy is limited by the number of iterations.
The other points of intersection can be calculated by choosing initial

solution values close to the actual solution.



APPENDIX 10

THE COLLECTOR HEAT-TRANSFER COEFFICIENTS

(a) The model Baird-type solar collector internal surfaces

The heat—transfer coefficient on all the internal collector surfaces
(other than the black-netting) was deduced from the following equation
presented by Kays (42) for a flat plate subjected to uniform heat

flux:
Na, = 0.453 x (Pr)3  «x (Re )2 .eoeenee. e (D

The heat-transfer coefficient for the black-netting was derived
experimentally by the author. Details are given in Appéndix 2. All
the fluid properties in the above equations are evaluated at the

film temperature, where the film temperature is defined as:

T.. = (7T + T )/2

film wall free stream

In the case of the flat-plate/tube theoretical prediction, the tube
heat-transfer coefficient is evaluated using the equation derived

in Appendix 20.

(b) The life-size Baird-type solar collector internal surfaces

Calculations in Appendix 7 have shown that both laminar and turbﬁlent

flow conditions may arise on the internal surfaces of the life-size
collector. Thus the heat-transfer coefficient on all the internal surfaces
(other than the black-netting) with laminar flow was evaluated using
equation (1). After the onset of turbulent flow the heat-transfer

coefficient was calculated using the following equation presented
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by Eckert and Drake (62) for turbulent flow over a flat plate with

varying wall temperature:

'; 0.8
Nuz = 0.0289 x (Pr) ® «x (Re)e S =9

All fluid properties in equation (2) are evaluated at the fluid
film temperature. The heat-transfer coefficient for the black-netting

was derived from the related equation presented in Appendix 2.

(c) The Baird-type solar collector external surfaces

The extefnal surfaces of the collector are subject to natural convection
heat-transfer. Simplified equations for the heat-transfer coefficient

from various surfaces to air at atmospheric pressure and moderate
temperatures are given by Holman (41). The following table contains relevant

extracts ‘from these equations.

Surface Laminar i.e. Turbulent i.e.

10* <« Grf.Prf < 1C° Grf.Prf > 10°
Natural convection AT.0..28 1
h = 1.42 x (Z—)' h = 0.95 x (AT)®

from edge covers

Natural convection . 0 .25 i

h = 1.%32 x-(%i) h = 1.43 x (%2)3
from top covers
Natural convection AT .2

h = 0.61 x (&)

from the bottom cover
In these tables: h = heat-transfer coefficient (W/m*.°C)

_ - o

aT = (Twall Tfree stream) e
{ = mean of the two d1mens1ons for a rectangular

surface (metres)

i s



Pr. = Prandtl number of the fluid (evaluated at the film

f "temperature)
Grf = Grashof number evaluated at the film temperature and
is defined as: _ :
. 3
Gry = g x Bf X (Twall - Tfree stream) x & Ceteeeeeea (3)
; ;
Ve
where g = gravitational acceleration constant (m/s®)
Bf = volume coefficient of expansion - for ideal gases,
B. = (1/T_) where 'T_' is the absolute film temperature
o% the gas 1n degrees Kelvin
vf = kinematic viscosity of the fluid at the film temperature
(m? /s) :
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APPENDIX 11

THE COLLECTOR LONGWAVE-RADIATION SHAPE-FACTORS

{a) The model Baird-type collector

The prediction of collector performance was made for a model collector
subdivided into ten elements. Each element was independently solved
and the radiation effects of surrounding collector surfaces outside
an element were ignored. Holman (41) contains data for radiation shape
factors between parallel rectangles and between perpendicular rectangles
with a common edge. A specimen calculation of the shape-~factor between
the bottom cover and the top cover i1s included here.

The bottom cover - top cover shape factor:

Consider the bottom and top covers to be two parallel rectangles. The
distance between them is calculated in Appendix 7 and is 24 mm. The
width of the bottom cover is 120 mm and that of the top cover is 10Omm.
Let an average width be defined as 110 mm. Figure 47 is a graphical

description of the shape-factor between two parallel and equal rectangles.

1.0

-

:é%.ﬂv

.
P
-

Shape-Factor
F,_

0.0t
o

. X
Ratio (B)

FIGURE 47 : RADIATION SHAPE-FACTOR EETWEEN PARALLEL RECTANGLES (Holman - 41 )
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Since the collector is divided into ten elements, each element is of length:

Y = (455 / 10) = 45.5 mm

Hence the following ratios can be calculated:

(=)

<

(110/24) = 4.6

(

(wild

) = (45.5/24) = 1.9

These ratios, in conjunction with Figure 47, allow the shape-factor

between the bottom and the top covers to be worked out as:

Fcb—ct = 0.5

The following shape-factors were calculated in the same manner:

0.65

n-ct

= 0.75

Fn--cb

Use of Holman's information on perpendicular rectangles with a common

edge (Reference 41) allows the following shape-factors to be calculated:

cb-ce ~

In the case of the edge and top covers, the surfaces can be regarded

as perpendicular rectangles whose edges are now no longer common but
instead lie some eistance apart. Sparrow and Cess (63) present the
shape-factor relationship for this situation, which allows the calculation

to be made. The result is:

In the following cases, the interaction of the surface is with either
the sky or the ground. Since these are very large in area, the shape

factors are all unity i.e.

ct-s ct-g cb-s Fcb-g - Fn-s F%-g =1

1),



Since the edge covers are completely surrounded by either sky or

ground, it is assumed that the shape-factor for each is:

ce-gout 0.25
ce-gin $72
ce-sout 0.75
ce-sin 0.25

(b) The life-size Baird-type collector

The same techniques were used to calculate the life-size collector

shape-factors. The results are listed below:

Fcb—ct = 0.9
n-ct 0.9 = F‘n--cb
= 0.04 = F
n-ce cb-ce
ce-ct 0.36
F ::F = F = F = F :F =1

n-g ct-s ct-g cb-s cb-g n-s

Since the edge covers are now vertical, the proportion of sky and

ground 'viewed' is identical i.e.

F = F . =F = F .
ce~gout ce-gin ce-sout ce-sin
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APPENDIX 12

THE LIFE-SIZE BAIRD-TYPE INTEGRAL-GREENHOUSE SOLAR COLLECTOR

The predictions of performance for the life-size solar collector
made using the dimensions and geometry shown below in Figure 48.

The length of this collector is thirty metres.

- 6.6 L

o B_Lr‘— : top cover L
: ' e et et e s et . ———t ———- ——— - — . — - 0.
S Tos

bottom cover

Radius = 5

ground

10
(All dimensions in metres, scale approximately 1:120)

FIGURE 48 : THE LIFE-SIZE BAIRD-TYPE SOLAR COLLECTOR
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APPERDIX 13

THE MODEL BAIRD-TYPE INTEGRAL-GREERHOUSE SOLAR COLLECTOR

The dimensions of the model greenhouse cum solar collector are shown in

Figure 49.

Cover
Bottom Cover

48 120

j 3P Ground

1|

T

150

(All dimensions in mm)

(Length = 455 mm)

FIGURE 49: DIMENSIONS OF THE MODEL BAIRD-TYPE SOLAR COLLECTOR

The collector cross-sectional areas were calculated as follows. The area
to the left of the line BC is made up of the triangle ABC and the

segment of the circle above line AB.
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A B

FIGURE 50: SEGMENT OF CIRCLE OF RADIUS "r"

The area of the shaded segment in Figure 50 is defined by Spiegel (53)

as:
Area segment = 0.5 x r x (8 - sine(8))

where  "8" is the angle subtended by the chord AB at the centre of the
circle and is expressed in radians. Since the area of a triangle is half
the base times the perpendicular height, the +total <collector

cross-sectional area in Figure 49 may be expressed as:
Area = 2 x (0.5 x AC x BC + 0.5 x AC x (6 - sine (8)))

Inserting the appropriate dimensions enabled the total collector

cross-gsectional area to be calculated as 2511 square millimetres.

The area of the collector cross-section above the black-netting was
calculated in a similar manner as 1309 square millimetres. By
subtraction the collector cross-sectional area below the black-netting

was found to be 1202 square millimetres.
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The hydraulic diameter of the top section was calculated as:

Ont

4L X top section cross-sectional area
wetted perimeter '

n

L x 1292)
110 100

24.9 mm

Similarly, the hydraulic diameter of the bottom section was calculated as:

%np

L x 1202 )
100 + 28 + 120

19.4 mm
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APPENDIX 14

THE ORIFICE~PLATE FLOWRATE MEASURING APPARATUS

The " air flowrate through the model Baird-type solar collector was
deduced from pressure measurements made using an orifice—pléte with
corner tappings, designed in accordance with 3British Standards
specifications (43). This type of orifice-plate was chosen bgcause it is
suitable for use in low flowrate work, and in particular, for use in the

range of flowrates that were anticipated from the air-supply source.
The following equations were used for design and measurement purposes:

W= (0.01252).CeZe€Be(d)s f(Nep)eeeeeneernenenenaaees (1)
Rd = ((3.54).w)/(u.D.v(;3)............................ (2)
n = (4/D)

E=1//(1-)

where W = fluid mass-flowrate (kg/hr)
C = basic discharge coefficient
Z = Z4.Zr
Zd = fipe size correction factor
Zr = Reynolds number correction factor
e = expansibility factor
E = velocity of approach factor
d = orifice or throat diameter (mm)
h = pressure difference across orifice (mm H,0)
' p = fluid density (kg/m )

Rd = Reynolds number of orifice
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p = dynamic viscosity of fluid (poise or g/cms)
m = area-ratio
D = pipe internal diameter (mm)

The fluid density is evaluated using:

©
]

43.25 X(ﬁ%ﬁ' (P-P) + 0.62x Ez) K/
T
where 0 = the specific gravity of the dry gas
P = absolute pressure at the upstream tapping
(1bf/in’ )
T = absolute temperature at the upstream tapéing
(degrees Rankine)
P = partial pressure of water vapour (1bf/in°)
K = gas law deviation coefficient at the temperature

" and pressure "P"

The orifice was designed so that:

D =45.72 mm and d = 6.35 mm
therefore
n = (d/p) = 0.0193

(Many of the factors listed above are dependent on the area-ratio. The
variability of these factors decreases with decreasing area-ratio

values, making a small area-ratio value desirable.)

Hence E =1/ (1-m ) = 1.0002

from the tables

C = 0.596

Zd

[}

((1 +1.002)/2) = 1.001 for a plastic pipe of P.T.O.
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diameter D = 2 inches

Zr function of "RA" 'and is obtained from a table

H

e = function of "h/P" and is obtained from a table
Note: Units of "h/P" are as follows:

"h" is expressed in (inches Hzo)

"P" is expressed in (1bf/inch’ )

Substituting these values into the equation for mass-flowrate (Equation

1) produces the following simplified equation:

W = (0.3012).2r.e. /(h.p)

For the measurement of air at atmospheric pressure and temperature, the
values of "&" and "K" are unity. An upper flow measurement limit exists

for the measurement of compressible fluids, and is avoided if:

(h/P) < 5.5

where "h" is in (inches HZO) and "P" is in (1bf/in ).
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A sample flowrate calculation:

This example is based on the results of test 39.

Measured values from the test include:

Laboratory dry-bulb temperature = 66 degrees Fahrenheit

[

Laboratory wet-bulb temperature = 60 degrees Fahrenheit
The relative humidity of the air (¢) can be worked out from a
psychrometric chart or a hygrometer as 0.71.

Atmospheric pressure = 754.85 mm Hg

Gauge pressure (upstream tapping) = 14 mm Hg

Gauge pressure (across orifice) = 12 mm Hg

Temperature of air at upstream tapping = 24.9 OC

Calculations:

h =12 mm Hg

= (12 x 0.53524) = 6.42 inches R O

= (12 x 13.5951) = 163.14 mm H O
P = (754.85 + 14) = 768.85 mm Hg

= (768.85 x 0.0193368) = 14.867 1bf/in®
T = 24.9 degrees Centigrade

((1.8 x 24.9) + 32) = 76.8 degrees Fahrenheit

(459.67 + 76.8) = 536.5 degrees Rankine
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All the conversion factors used above come from the British Standard
(43). From tables, at 76.8 degrees Fahrenheit:

P = 0.456 1bf/irf

Vs
and P = (ox Pvg = (0.71 x 0.456) = 0.324 1bf/in’

The air density is calculated as:

p = h3.25 x ((14.867 - 0.324) + (0.62 x 0.324))
526.5 526.5

= 1.189 kg/m

Also (h/P) = (6.42/14.867) = 0.432, which is less than 5.5, so the
upper flowrate criterion is satisfied. Using tables, the expansibility
factor is obtained using "(h/P)", "m" and "Y". 'Y' is the specific heat
ratio, which is 1.4 for air.

Hence e = 0.995

An initial estimate of flowrate is made by assuming Zr =1:

=
]

0.3012 x 1 x 0.995 xvﬂ163‘14 x 1.189)

4.174 kg/hr

The Reynolds number can be calculated using equation 2, after evaluating
the viscosity of the air at the upstream temperature (i.e. 24.9 degrees
Centigrade). From tables:

0.000183 g/cms

13

Thus

Rd = ((3.54 x 4.174)/(0.000183 x 45.72 x:ﬁ.o193)

12712
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From tables, Zr = 1.024 -

Hence

=
]

(4.174 x 1.024)

4.274 kg/hr

0.001187 kg/s

A computer program was written to assist in these calculations. Results
showed that the value of "(h/P)" was never greater than 5.5 and the
Reynolds number never dropped below 10,000. All the tables referred to

are contained in the British Standards (43).
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APPENDIX 15

THE CALIBRATIOR OF THE THERMOCOUPLE TEMPERATURE MEASURIRG INSTRUMENT

A Fluke Datalogger was used to measure the thermocouple output voltages.
The machine has a built-in reference Jjunction and a dedicated

microprocessor that enables it to display the thermocouple temperature.

The instrument was calibrated using an insulated flask, filled with
water, whose temperature was nmeasured with an accurate thermometer,
calibrated by the British Standards Institution (Number 84916 BST 72).
The water was measured at a temperature of 19.0 degrees Centigrade,
whilst the converted Iron-Constantan thermocouple output, displayed by
the Datalogger was 18.7 degrees Centigrade. This means that the
instrument underread temperatures measured with Iron-Constantan
thermocouples by about '0.3 degrees Centigrade for temperatures in the
vicinity of 20 degrees Centigrade. To correct for this, all the

temperatures  measured using this machine (and Iron-Constantan

thermocouples) were adjusted upwards by 0.3 degrees Centigrade.
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APPENDIX 16

THE MEASUREMENT OF RADIATION INTERSITY IN THE LABORATORY

The measurement of the radiation intensity incident on the absorber area
of the model Baird-type solar collector was done in the following
manner. The radiation intensity was measured with a solarimeter at six
equispaced positions along the ceﬁtral, longitudinal axis of the model
collector at the height of the black-netting cloth. This procedure was

performed at the beginning and the end of each group of tests.
(a) Determination of the Radiation Intensity for the group of 10 tests:

Figures 51 and 52 show the output values of the solarimeter placed at
the six equispaced points along the absorber. Simpson”s rule (Spiegel -

53) states that the area under a curve may be expressed as follows:

Ax ( n-1
= (yn + yv. + % yvy..(z + (1)
) 0] n i1 i

Area = l+l))

where 'Ax' is an increment length and 'n' is an even number of increments.

This general form of the rule may be simplified and stated as:

Area = AX ((yO + y6) + L+.(y1 t¥g Y )+ 2.(y2 + yq))

5

AN

Inserting actual values for Vo0 ¥ to ¥ obtained from Figure 51, allows
the area under the curve to be calculated-as:

. Area = 40.1 = width x mean irradiation
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= 6 x mean irradiation

Thus: Mean Irradiation (before tests) = 6.68 mV

The same procedure was followed using data from Figure 51, and the area

under the curve was calculated as:

Area 40.15 = width x mean irradiation

6 x mean irradiation
Thus

Mean Irradiation (after tests) = 6.69 mV

The solarimeter conversion factor is specified by the manufacturer as:

1 W/m=0.0123 mV

Thus the radiation intensities before and after the tests were
calculated as 543.1 and 543.9 Watts per square metre respectively. It
was decided to use a value of 544 Watts per square metre as the average
incident radiation value 1in calculations relating to the group of 10

tests.
(b) Determination of the Radiation Intensity for the group of 43 tests:

The radiation intensity for the group of 43 +tests was measured and
calculated in exactly the same manner as is outlined in Appendix 16(a).
Data were obtained from Figure 52, and calculations show that radiation
intensity before the tests was 853 Watts per square metre and after the
‘tests was 851 Watts per square metre. The average value of 852 Watts per
square metre was therefore used as the incident radiation value in all

calculations relating to the group of 43 tests.
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FIGURE 51 : THE RADIATION INTENSITY ON THE MODEL BAIRD-TYPE SOLAR COLLECTOR
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FIGURE 52A: THE RADIATION INTENSITY ON THE MODEL BAIRD-TYPE SOLAR COLLECTOR

-190-



APPENDIX 17

JAKUARY AND JURE AVERAGE SOLAR RADIATION DATA FOR CAPE TOWN

The solar radiation data used in this thesis to repfesent typical solar
insolation values for January and June days in the Cape Peninsula were
derived from South AfricanAWeather Bureau.Data, collected over 11 years
(ciréa 1956) at the Wingfield weather station. They are listed as Mean
Hourly Values in the Weather Bureau publication (44), and were used to
construct the graphs shoﬁn in Figures 53 and 54, from which . the solar

radiation data listed in Appendix 25 was obtained.

The time base in Figures 53 and 54 is Local Mean Time. To convert from
Local Mean Time to South African Standard Time at Cape Town, consider

the following calculation:

South African Standard Time is based on Longitude 30 degrees East.

’ Longitude at Cape Town is 18.5 degrees East.

The differencé between these two Longitudes = 11.5 degrees.

Since the earth moves through 15 degrees of Longitude per hour, the time

difference between the Longitudes is:

it

(11.5/15) = 0.77 hours

46 minutes
So, if the Local Mean Time at Cape Town is "X" hours, the South African

Standard Time is "X + 0.77" hours.
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FIGURE 53 : GLOBAL SOLAR RADIATION DATA FOR A TYPICAL JANUARY DAY IN CAPE TOWN (South African Weather Bureau - Lk)
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APPENDIX 18

L

THE VARIATION OF THE LABORATORY AMBIENT-AIR TEMPERATURE

- The numerical values of the 1laboratory ambient-air temperature are
listed with the experimental results in Appendix 19 and Appendix 21, and

are shown in Chapter 5 in Figures 2 and 3.

From this data, the mean laboratory ambient-air temperature for the
tests conducted with a radiation intensity of 852 Wétts per square metre
was calculated as 19.1 degrees Centigrade. The mean laboratory
ambient~air temperature for the tests conducted with a radiation

intensity of 544 Watts per square metre was 18.0 degrees Centigrade.
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The following temperature frequency distribution table was constructed

from this data:

Column A = Temperature band (degrees Centigrade)

Column B = The frequency or number of tests

Column C = Relative frequency (%)

Column D = The frequency or number of tests

Column E = Relative frequency (%)

A B c D E
I =852 I = 544

17.0 = 17.5 - - 1 10

17.5 - 18.0 -2 4.7 3 | 30

18.0 - 18.5 8 v 18.6 6 - 60

18.5 - 19.0 12 - 27.9 - -

19.0 - 19.5 14 : 32.6' - -

19.5 - 20.0 1 , 2.3 - -

20.0 - 20.5 2 4.7 - -

20.5 - 21.0 4 9.3 - -

An analysis of these results shows that 75 percent of the tests were
conducted with a laboratory ambient-air temperature between 18.0 and
19.5 degrees Centigrade. Figures 55 and 56 show the above data

graphically.
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- FIGURE 55: LABORATORY AMBIENT-AIR TEMPERATURE FREQUENCY DISTRIBUTION FOR THE TESTS WITH I = 852 W/m®
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APPENDIX 19

THE FLAT-PLATE MODEL PREDICTED AND EXPERIMENTAL TEST DATA

The mean “predicted heat-gain error” of all the tests listed below was

-7.6% with a corresponding standard deviation of 12.4%

15.1 The Results of Tests conducted at a Radiation Intensity of 852

Watts per square metre

Column A = Test Number

Column B = Air‘flowrate ;hrough the collector (for kg/s multiply 107 )
Column C = Ambient-air temperature (degrees Centigrade)

Column D = Inlet-air temperature (degrees Centigrade)

Column E = Measured outleteair temperature (degrees Centigrade)

Column F = Predicted outlet-air temperature (degrees Centigrade)
Column G = Error in predicted heat-gain (%)

Column H = Measured efficiency (%)

Column I = Predicted efficiency (%)

Column J = The Grashof-Reynolds free convection criterion

1 1299 18.3 22.4 33.4 33.4 0.3 371 37.2  0.0274
2 1798 18.3 23.4 32.4 31.3 -12.4 42.0 36.8 0.0132

3 2055 18.8 24.4 32.2 31.2 -12.5 41.6 36.4 0.0096
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10
1
12
13
14
15
16
17
18
19

20

Yy

22
23
24
25
26
27
28
29
30
31
32

2515
3031
3604
3356
1489

1660

2317

2804
3451
0920

3806

1095

2942
3276
3192
2682
2199
1883
1510
1163
3854

2262

3027

3513

1559

1921
0981
1325
1774

18.8
18.6
18.0
17.7
17.7
18.3
18.8
18.8
19.4
18.3
18.8
18.3
18.8

19.1

18.8
20.0
20.5
20.5

19.4

19.4 .

18.3
19.4
19.4
19.4
19.1
18.3
18.8

18.8

25.7
27.7
29.7
28.7
22.1
23.1
25.0
27.0
29.8

23.0

22.3
27.4
29.1
28.7
27.0
25.7
25.5
24.7
23.1
31.2
24.3
28.0
29.9
23.7

- 24.5

22.2
22.9

24.0

31.9
32.5
33.2
32.7
31.9
32.6
31.9
32.7
33.9
35.7
34.3
34.6
32.6
33.5
33.4
32.7
32.6

33.7

35.0

34.4
34.5
30.8
32.6
33.6
32.7
31.9
33.8
33.0

32.2

31.1

31.8

32.7

33.2
37.8
33.8

35.2

32.7
32.5
31.8
32.1

33.0
34.2
35.4
34.0
30.4
32.2
33.2
32.9
31.8
36.5
33.7

32.0
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-13.6
-15.2

-13.8

-15.8.

-9.6
=-13.7
-19.8
-18.2
16.9
-16.2
5.3
-17.6

-18.0

—1506
-5-5
"'906

-11.4

33.0
38.2
36.1
33.7
36.4
36.9
29.5
34.7
37.7

34.9
32.0
28.2
29.3
37.3
37.0
35.8
33.2
30.0
35.4
27.3
36.8
32.7
30.7

33.2
36.3
36.9
37.4
37.2
27.9
36.1
32.7
29.9
37.4
36.5
36.5
37.2
36.6

J

0]

0]

0]

0

0]

0]

0]

0]

0]

0]

0]

O

O

O

0

0]

O

0]

.0059
. 0037
.0024
.0029
.0204
.0158
.0072
. 0045
.0027
.0564
. 0021
.0395
.0040
0030
.0033
.0050
. 0081
.0115
.0190
.0343
.0020
.0077
.0037
.0026
.0180
o112
. 0497
.0260
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33
34
35
36
37
38
39
40
4
42

43

2820
2487
3328
3684
2640

0881

1187

1085
2166
3284

2353

18.8
19.4
20.0
20.5
20.5
19f4
18.8
19.4
19.7
19.4
19.4

26.6
25.8
29.6
31.3
27.4
23.6
22.6
23.1
25.5
29.3

25.8

33.5

34.7
33.0
35.7
33.2
34.5
32.5
33.4
32.2

33.2
34.4

. 32.5

39.2
34.7
36.2
31.9
32.9
31.6
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36.6
38.7
33.7
32.5
38.4
27.7
32.7
32.1
39.3
34.9
39.1

33.8
35.6
31.2
29.3
34.9
35.7
37.2
37.0
36.1
30.8

35.5

0.0045
0.0061
0.0029
0.0022
0.0052
0.0608
0.0331
0.0397
0.0084
0.0030



In the following series of tests, the inlet-air temperature was held at
22.1 degrees Centigrade, the ambient-air temperature was held constant

at 19.1 degrees Centigrade and :

Column A = Test Number

Column B = Air flowrate through the collectof (for kg/s multiply 107°)
Column C = Ambient-air temperature (degrees Centigrade)

Column D = Inlet-air temperature (degrees Centigrade)

Column E = Predicted outlet-air temperature (degrees Centigrade)
Column F = Predicted efficiency (%)

Column G = The Grashof-Reynolds free convection criterion

(a) Tg = Ta

A B c D E F G

1 ©.0500 19.1 22.1 48.8 34.6 0.1333
2 1000 19.1 22.1 36.6. 37.7 0.0342
3 1500 19.1 22.1 32.1 39.0 0.0141
4 2000 19.1 22.1 29.8 39.8 0.0073
5 2500 19.1 22.1 28.3 40.3 0.0044
6 3000 19.1 22.1 27.3 40.7 0.0028
7 3500 19.1 22.1 26.6  41.0 0.0020
8 4000 19.1 22.1 - 26.1 41.2 0.0014
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(b) Tg = Ta + 3

A B c

1 0500 19.1
2 1500 19.1
3 2500 19.1
4 3500 19.1

(c) Tg = Ta + 6

A B C

1 0500 19.1
2 1500 19.1
3 2500 1941
4 . 3500 19.1

In the following series of tests, the inlet-air temperature was held

31.3 degrees Centigrade, the ambient-air temperature was held constant

at 19.1 degrees Centigrade

(a) Tg = Ta

A B C

1 0500 19.1
2 1000 19.1

D E F

22.1 49.5 35.5
22.1 32.4 40.1
22.1 28.5 41.5
22.1 26.7 42.2
D E F

22.1 50.1 ~ 36.4
22.1 32,7 41.2
22.1 28.7 42.7
22.1 26.9 43.5

and :
D B F
31.3 51.3 26.0
31.3 41.9 27.5

-202-

0.1338
0.0142
0.0044

0.0020

0.1343
0.0143
0.0044

0.0020

0.1291

0.0313



(c) Tg =

1500
2000
2500
3000
3500

4000

0500

1500
2500

3500

0500
1500
2500

3500

19.1

19.1

1941

19.1 \

19.1

19,1

19.1
19.1
19.1

19.1

19.1
19.1
19.1
19.1

31

31.
31.
31.
31.
_31.

31.
31.
31.
31.

31.

31

3.

3

3
3
3
3
3

3

3
3.

3.

3
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38.5
36.7
35.6
34.9
34.4

34-0

38.17

35.8
34.5

52.6

39.0
36.0

34.6

27.9

28.1

28.1

28.0
27.9

27.8

26.8
29.0

29.2

27.6
30.1
30.4
30.4

0.0127
0.0065
0.0039
0.002%

0.0017

0.0013"

0.1295 -

0.0128

0.0039

0.0018

0.1299
0.0129
0.0039

0.0018



19.2 The Results of Tests conducted at a Radiation Intensity of 544

Watts per square metre

Column A = Test Number

Column B = Air flowrate through the collector (for kg/s multiply 10”°)
Column C = Ambient-air temperature (degrees Ceﬁtigrade)

Column D = Inlet-air temperature (degrees Centigrade)

Column E = Measured outlet-air femperature (degrees Centigrade)

Column F = Predicted outiet-air temperatﬁre (degrees Centigrade)
Column G = Error in predicted heat-gain (%)

Column H = Measured efficiency (%)

Column I = Predicted efficiency (%)

Column J = The Grashof-Reynolds free convection criterion

{1032 17.7 20.6 28.3 29.3 12.6 32.3 36.4 0.0304
> 1396 18.0 21.6 28.1 27.9 -2.6 36.9 35.9 0.0157
31683 18.3 22.5 28.1 27.6 8.2 38.3 35.2  0.0102
4 2050 17.7 231 27.8 274 -14.5 38.8 33.2  0.0066
5 2325 17.7  23.7 27.6 27.1 -13.0 36.9 32.1 0.0048
6 2651 17.2 24.6 28.0 27.3 =20.3 36.6 29.2  0.0035
7 3023 18.3 26.7 29.6 28.9 -24.6 35.6 26.9 0.0025
8 3307 18.3 28.0 30.4 29.8 -26.0 32.3 23.9 0.0020
9 3588 18.3 29.1 31.1  30.6 -27.4 29.2 21.2 0.0016

10 3887 18.3 30.3 31.9 31.4 -28.1 25.3 18.2 0.0013
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In the following series of tests, the inlet-air temperature was held at
20.6 degrees Centigrade, the ambient-air'temperature was held constant

at 18.0 degrees Centigrade and :

Column A = Test Number

Column B = Air flowrate through the collector (for kg/s multiply 10-s)l
Column C = Ambient-air temperature (degrees Centigrade)

Column D = Inlet~air temperature (degrees Centigrade)

Column E = Predicted outlet-air.temperature (degrees Centigrade)

Column F = Predicted efficiency (%)

Column G = The Grashof-Reynolds free convection criterion

(a) Tg = Ta

A B C D E F G

1 0500 18.0 20.6 37.4 34.2 0.0939
2 1000 18.0 20.6 29.7 36.9 0.0233
3 1500 18.0 20.6 26.9 38. 1 0.0095
4 2000 18.0 20.6 25.4 38.8 0.0049
5 2500 18.0 20.6 24.5 39.3 0.0029
6" 3000 18.0 20.6 23.8 39.6 0.0019
7 3500 18.0 20.6 23.4 39.8 0.0013
8 4000 18.0 20.6  23.1 . 40.0 0.0009
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(b) Tg = Ta + 3

A B c D E F G

K 0500 18.0 20.6 38.1 35.5 0.0945
2 1500 18.0 20.6 27.1 39.8 0.0096
3 2500 18.0 20.6 24.6 41.1 0.0029
4 3500 18.0 20.6 23.5 41.8 0.0013

(c) Tg = Ta + 6

A B c D E F G

1 0500 18.0 20.6 28,7 36.9 0.0952
2 1500 18.0 20.6 27.4 41.6 0.0097
3 2500 18.0 20.6 24.8 43.0 0.0030
4 3500 18.0 20.6 23.7 43.8 0.001%

In the following series of tests, the inlet-air temperature was held at
30.3 degrees Centigrade, the ambient-air temperature was held constant

-at 18.0 degrees Centigrade and :

(a) Tg = Ta

A B C D E F G

1 0500 18.0 30.3 40.2 -20.2 0.0951
2 1000 18.0 30.3 35.3 20.5 0.0216
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(c) 18 =

“4

1500
2000
2500
3000
3500

4000

0500 .

1500
2500

3500

0500
1500
2500

3500

18.0

18.0

18.0

18.0

18.0

18.0

18.0

18.0

18.0

18.0

18.0

18.0

18.0

18.0

30.3
30.3
30.3
30;3
30.3
30.3

30.3
30.3
30.3
30.3

30.3
30.3
30.3
30.3
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33.6
32.7
32.2
31.9
31.6
31.4

40.9

33.9

3.4

31.7

20.2
19.8
19.4
19.0
18.7

18.3

21.9

21,2

20.5

22.8
23.5
23-0

22.5

0.0086
0.0044
0.0026
0.0017

0.0011

0.0008 |

0.0957
0.0087
0.0026

0.0012

0.0962
0.0088
0.0026

0.0012



APPERDIX 20
DERIVATION OF THE COLLECTOR TUBE HEAT-TRANSFER COEFFICIERT

For fully developed flow in a tube subjected to a constant heat
rate. (i.e. uniform heat flux), the temperature versus length
relationship of the fluid and wall can be illustrated as shown

in Figure 57 (Kays - 42).

| |
Temperature i
T . .
bulk fluid
inlet
F:» Distance from the entrance

thermal entry length '¢'
FIGURE 57 : TEMPERATURE VARIATIONS IN THE THERMAL ENTRY REGION

OF A TUBE WITH CONSTANT HEAT-RATE PER UNIT OF TUBE LENGTH

For laminar, fully developed flow in a tube, the Nusselt number

' is constant, and for turbulent, fully developed tube flow the

Nusselt number is a function of the Reynolds and the Prandtl numbers.
In the case of laminar flow, if the heat rate from the wall to the
fluid is constant and the wall temferature minus the bulk fluid
temperature is constant, then the tube heat-transfer coefficient
must be constant. In the case éf turbulent flow, with air as the fluid,
then over a small temperature range the Prandtl number can be
regardéd as constant. Thus for a given Reynolds nuﬁber (which is
constant for a constant mass-flowrate), the tube heat-transfer
coefficient will remain constant sinée the difference of the wall

and the bulk fluid temperature remains constant.
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FIGURE s58: THE TRANSITION FROM DEVELOPING TO DEVELOPED FLOW

In the region where 'x' is less than '£', the flow in the section
~ is developing. Let this be the area in which heat transfer considerations

are based on the flat plate analogy. The flow of heat can be written as:

e = hflat plate x Area * (Twall - Tfree stream) ""'°°‘1)

In the region where 'x' is more than 'f', the flow in the section
is developed. Let this be the area in which heat transfer considerations

are based on tube flow. The flow of heat can be written as:

Q = hi.. X Areax (Twall - Tbulk fluid) Ceeeieeiea cee(2)

Now at x = £ the heat flows are equal. Hence equation (1) and (2) can

be equated and rearranged to form the following:

Twall - Tfree stream

Biwbe = Priat plate ™ —
(at x = £) wall bulk fluid

. The value of the tube heat-transfer coefficient can therefore

be worked out and remains constant for all 'x' larger than 'Z' by

the reasoning discussed on the previous page.
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APPENDIX 21

THE FLAT-PLATE/TUBE MODEL PREDICTED AND EXPERIMENTAL TEST DATA

The mean “predicted heat-gain .error” of all the tests listed below was

-11.8% with a corresponding standard deviation of 12.6%

“21.1 The Results of Tests conducted at a Radiation Intensity of 852

Watts per square metre

Column A = Test Number

Column B = Air flowrate through the collector (for kg/s multiply 10’6)
Column C =\Ambient—air temperature (degrees Centigrade)

Column D = Inlet-air temperature (degrees Centigrade)

Column E = Measured outlet-air temperature (degrees Centigrade)

Column F = Predicted outlet-air temperature (degrees Centigrade)
Column G = Error in predicted heat-gain (%)

Column H = Measured efficiency (%)

Column I = Predicted efficiency (%)

Column J = The Grashof-Reynolds free convection criterion

1 1299 18.3 22.4 33.4 33.1 =3.2 37.1 35.9 0.0209
2 1798 18.3 23.4 32.4 31,0 -15.9 42.0 35.3 0.0103
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10
1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

27

. 28

29
30
31
32

2515
3031
3604
3356
1489
1660
2317
2804
3451
0920
3806
1095
2942
3276
3192
2682
2199
1883
1510
1163
3854
2262
3027
3513
1559

1921

0981

1325

1774

18.8
18.6
18.0
17.7
17.7

18.3

18.8

19-4

18.3

18.8
18.3
18.8
19.1

19.4
18.8
20.0
20.5
20.5
19.4
19.4
18.3
19.4
19.4
19.4
19.1

18.3
18.8

18.8

25.7
27.7
29.7
28.7
22.1

2341

25.0
27.0
29.8
23.0
31.0
22.3
27.4
29.1

28.7
27.0
25.7
25.5
24.7
25.1

31.2
24.3
28.0
29.9
23.7
24.5

22.2

22.9

24.0

31.9
32.5
33.2
32,7
31.9
32.6
31.9
32.7
33.9
35.7
34.3
34.6
32.6
33.5
33.4
32.7
32.6
33.7
35.0
34.4
34.5
30.8
32.6
33.6
32.7
31,9
33.8
33.0

32.2

30.9
31.6

32.6

31.4
31.3
30.7
31.4
33.0
37.1

33.6

34.8

32.5
32.4
31.6

31.8

- 32.8

33.9
35.1
33.8
30.2
32.0
33.0
32.6
31.5
36.1
33.3
31.6

-211=

-1607
—18.6
-18.5

~20.0

-13.6
-17.7
=23.3
-22.0
10.8
-21.0
1.6
-20.8
=21.7
-22.0
-19f9
-11.8
-11.5
-10.8
6.3

-20. 2

40.5
37.8
32.7
34.8
37.9
40.9
41.5
41.5
36.7
30.3

32.6 -

35.0
39.7
37.4

39.7
39.4

40.1

1 40.4

34 .1
33.0
38.2
36.1
33.7
36.4
36.9
29.5
34.7
37.7

33.7
30.7

26.7

27.9
35.8
35.4
34.1
31.8
28.6
33.6
25.7

35.5

29-3

30. 4
31.8
34.7
35.5
36.0
36.3
26.3
34.4
31.4
28.5
36.0
35.0
35.3
35.9
35.1

J
0.0047
0.0031
0.0019
0.0024
0.0151
0.0115
0.0055
0.0036
0.0022
0.0478
0.0017
0.0315
0.0033
0.0025
0.0027
0.0040
0.0062
0.0090
0.0141
0.0269
0.0016
0.0058
0.0031
0.0021
0.0132
0.0087
0.0410
0.0198

0.0106



33
34
35
36
37
38
39
40
41

42
43

2820
2487
3328
2684
2640
088!
1187
1085
2166
3284
2353

18.8
19.4
20.0
20.5

20.5

19.4

18.8
19.4
19.7
19.4
19.4

26.6
25.8
29.6
31.3
27.4
23.6
22.6
23 .1
25.5
29.3

25.8

33.5

34.7

33.0
35.7

33-2

34.5
32.5
33.4

32.2
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-11.3
-11.2
-11;4
-14.3
-12.3
23.8

10.8

12.2

-12.2
-15.8

-13-5

36.6
38.7
33.7
32.5
38.4

27.7

32.7
32.1
39.3
34.9
39.1

32.4
34.4
29.8
27.9
33.6
34.2
36.2
36.0
34.6
29.4
33.8

0.0035
0.0049
0.0024
0.0018
0.0041

0.0523

0.0258

0.0318
0.0064
0.0025

0.0052



In the following series of tests, the inlet-air temperature was held at
22.1 degrees Centigrade, the ambient-air temperature was held constant

at 19.1 degrees Centigrade and :

Column A = Test Number

Column B = Air flowrate through the collector (for kg/s multiply 10-6)
Column C = Ambient-air temperature (degrees Centigrade)

Column D = Inlet-air temperature (degrees Centigrade)

Column E = Predicted outlet-air temperature (degrees Centigrade)
Column F = Predicted efficiency (%)

Column G = The Grashof-Reynolds free convection criterion

(a) Tg = Ta

A B c D E F G

1 0500 19.1 - 22.1 47.0 32.3 0.1271
2 1000 19.1 22.1 35.9 35.7 0.0245
3 1500 ‘ 19.1 22.1 32.0 38.6 0.0114
4 2000 19.1 22.1 29.7 39.3 0.0057

‘ _

5 2500 19.1 22.1 28.2 39.7 0.0035
6 3500 19.1 22.1 26.6 40.6 0.0017
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In the following series of tests, the inlet-air temperature was held at
31.3 degrees Centigrade, the ambient-air temperature was held constant

at 19.1 degrees Centigrade and:

(a) Tg = Ta

A B c D E F G

.1 0500 19.1 31.3 45.9 19.0 0.1148 °
2 1000 19.1 31.3 39.5 21.4 0.0213
3 1500 19.1 31.3 37.6 24.7 0.0099
4 2000 19.1 31.3 36. 1 24.9 0.0049
5 2500 19.1 31.3 35.2 25.3 0.0030
6 3000 19.1 31.3 34.5 25.3 0.0019
7 3500 19,1 31.73 34.2 26.2 0.0015
8 4000 19.1 31.3 33.8 26.1 0.0010
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21.2 The Results of Tests conducted at a Radiation Intensity of 544

Watts per square metre

Column A = Test Number

Column B = Air flowrate through the collector (for kg/s multiply 10°%)
Column C = Ambient-air temperature (degrees Centigrade)

Column D = Inlet-air temperature (degrees Centigrade)

Column E = Measured outlet-air temperature (degrees Centigrade)

Column F = Predicted outlet-air temperature (degrees Centigrade)
Column G = Error in predicted heat-gain (%)

Column H = Measured efficiency (%)

Column I = Predicted efficiency (%)

Column J = The Grashof-Reynolds free convection criterion

1 1032 17.7 °"20.6 -28.3 28.9 7.8 32.3 34.8 6.0243
2 1396 18.0 21.6 28.1 27.6 -8.0 36.9 33.9 0.0116
3 1683 . 18.3 22.5 28.1 27.3 -13.8 38.3 33.0 0.0072
4 2030 17.7 231 27.8 26.9 -19.9 38.8 31.0 0.0050
5 2325 17.7 23.7 27.6 26.9 -19.0 36.9 29.9 0.0035
6 2651 17.2 24.6 28.0 27.1 -25.2 36.6 27.4 0.0027
7 3023 18.3 26.7 29.6 28.8 -29.3 35.6 25.2. 0.0020
8 3307 18.3 28.0 30.4 29.6 -31.7 32.3 22.0 0.0016
9 3588 18.3 29.1 31.1 30.4 -34.2 29.2 19.2 0.0013 -

10 3887 18.3 30.3 31.9 31.3 =-36.7 25.3 16.0 0.0010
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In the following series of tests, the inlet-air temperature was held at
20.6 degrees Centigrade, the ambient-air temperature was held constant

at 18.0 degrees Centigrade and :

Column A = Test Number

Column B = Air flowrate thfough the collector (for kg/s multiply 10’6)
Column C = Ambient-air temperature (degrees Centigrade)

Column D = Inlet-air temperature (degrees Centigrade)

Column E = Predicted outlet-air temperature (degrees Céntigrade)
Column F = Predicted efficiency (%)

Column G = The Grashof-Reynolds free convection criterion

(a) Tg = Ta

A B c D E F G ‘
1 0500 18.0 20.6 35.6 30.4 0.0868

2 1000 18.0 20.6 28.9 33.8 0.0164

3 1500 18.0 20.6 26.7 37.0 0.0076

4 2000 18.0 20.6 25.2 37.7 0.0038

5 2500 18.0 20.6 24.4 38.2 0.0023

6 3000 18.0 - 20.6 23.8 38.5 0.0015

7 3500 18.0 20.6 23.4 9.2 0.0011

8 4000 18.0 20.6 23.0 39.4 0.0008
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In the following series of tests, the inlet-air temperature was held at
30.3 degrees Centigréde, the ambient-air temperature was held constant

at 18.0 degrees Centigrade and :

(a) Tg = Ta

A B c D E F G

1 0500 18.0 30,3 36.6 12.9 0.0735
2 1000 18.0 30.3 33.6 13.4  0.0133
3 1500 18.0 30.3 33.0 16.2 0.0063
4 .2ooo 18.0 30.3 32,2 15.8 0.0031
5 . 2500 18.0 30.3 31.9 15.8 0.0019
6 3000 18.0 30.3 31.6 15.4 0.0012
7 3500 18.0 30.3 31.4 16.73 0.0009
8 4000 18.0 30.3 31,3 15.9 0.0007
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APPENDIX 22

JANUARY AND JUNE AVERAGE AMBIENT-AIR TEMPERATURES IN CAPE TOWN

The ambient-air temperatures used in this thesis to represent typical
temperatures for January énd June days in the Cape Peninsula are derived
from South African Weather Bureau Data, collected over 17 years (circa
1940) at the Wingfield weather station. They are listed as Mean Hourly
Values in the Weather Bureau publication (45). These values were used to
construct the graphs shown in Figures 59 and 60, from which the

ambient-air temperature data listed in Appendix 25 was obtained.
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AVERAGE AMBIENT-AIR TEMPERATURE DATA FOR A TYPICAL JANUARY DAY IN CAPE TOWN (S. A. Weather Bureau - 45)
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AVERAGE AMBIENT-AIR TEMPERATURE DATA FOR A TYPICAL JUNE DAY IN CAPE TOWN (S. A. Weather Bureau - 45)




APPENDIX 23

JARUARY ARD JUNE AVERAGE GROﬁED TEMPERATURES IN STELLENBOSCH

The ground temperature data used in this thesis comes from a study on
the ground temperatures in a Stellenbosch orchard, conducted by Malherbe
(46). The observations were done over a two year period circa 1930.
Temperatures were only measured for the months Januéry and July. Since
‘no other ground temperature data were available, the July values were
used to approximate the June values reﬁuired for the predictions in this
thesis. The average ground temperatures are shown in Figure 61, and are

listed in Appendix 25.
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APPENDIX 24

THE CALCULATION OF PRESSURE-DROP ACROSS A ROCK-BED

The following calculation serves as a guide to establish the power
requirements for a fan that is capable of driving the air at the
prescribed flowrate through the collector cum rock-bed system.

Only the pressure drop across the rock bed is considered.

An approximate rock-bed dimension needs to be defined. Working on
a January cumulative heat gain of 2600 MJ, and assuming a hundred
percent air-to-rock heat transfer it is possible to calculate the
mass of rock required for a rock-bed temperature rise of & degrees

Centigrade using the following equation:

Lunde (58) contains the following values for rock:

C
b

837 J/kg . °C

1600 kg/m (this is an effective density for rocks of

ho)
I

diameter equal to 0.0l metres)
Inserting the relevant values in (1):

= 2600 x 108 .~ 310 000 kg
837 x 8

Mrock
Thus the volume of rock is:

Volume = 310 000 / 1600 =~ 200m" =~ 7000ft’
A possible rock-bed configuration is thus (30 x 90 x2.5) f't.
The flowrate is 10 kg/s ~18000 cubic feet.per minute. Duffie and
Beckman (17) recommend that the bed be charged by blowing the air
downwards, in which case the superficial velocity is:

Superficial velocity = 18000 / ( 90 x 30) ~ 6.7%fm/ft’
Close (59) contains figures that indicate that these conditions will

result in a pressure drop of =~ 5 mm of water across the rock-bed.
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After a discussion with Professor Stegen (60), it was decided that

the choice of a forward curved centrifugal fan would most closely

match the low pressure, high volume requirement. The performance of

a forward curved centrifugal fan manufactured by the Donkin company (61)
is shown in Figure 62 . It was used to deduce the fan power requirements

listed below:

JANUARY . ' JUNE
10 kg/s =~ 17660 cfm 7 kg/s ~ 12362 cfm
Static Power - | Static Power

Pressure head (Watts) Pressure head (Watts)

(inches of water) : (inches of water)
1 4100 1 2421
2 6700 2 5215
3 10450 3 8195

This data was used to evaluate the fan power requirements that are

shown in Chapter 5 in Figures 16 and 18.
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fan

Forward Curved Centrifugal

39/1-0 SINGLE INLET

Maximum Speed:-

SIZE No.

Classl 430 rpm.

Discharge Area 9-70 fe?

10-2 ft.

Impeller Circumference

Air Density 0-075 tb/tt]
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APPENDIX 25

THE LIFE~-SIZE BAIRD-TYPE SOLAR COLLECTOR PERFORMANCE PREDICTIOHS

These results are calculated for a Baird-type solar collector of
dimensions as indicated in Appendix 12, In both 25.1 and 25.2 it has

been assumed that there is zero windspeed.

Column A = Test Start Time (South African Standard Time in hours)
Column B = Incident Radiation (Watts per square metre)

Column C = Ground témperature (degrees Centigrade)

Column D = Inlet-air temperature (degrees Centigrade)

Column E = Predicted outlet-air temperature (degrees Centigrade)
Column F = Predicted efficiency (percent)

Column G = Cumulative total heat-gain (MJ)

Column H = The Grashof-Reynolds free convection criterion
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25.1 The Results of Predictions of Collector Performance for a

typical January day in the Cape Peninsula

The air flowrate through the collector was held constant at 10 kg/s.

A B c D E F G H

6.0 7 21.6 16.2 16.2 8.1  0.08 0.0073
6.2 44 21.6  16.3  16.5 21.1 1.4 0.0186
6.4 75 21.6  16.5 16.9 28.6  4.47 0.0403
6.6 110  21.4 16.7 17.5 35.5 10.03 0.0752
6.8 143  21.4 17.0 18.1 40.4 18.27 0.1157
7.0 176  21.5 17.4 18.9 42.9 . 29.04 0.1542
7.2 214 21.7 17.7 19.6 44.2 42.52  0.1938
7.4 254  22.0 18.1 20.4 44.4 - 58.58 0.2329
7.6 294 22.3 18.6 21.1  43.8 76.96 0.2668
7.8 335  22.5 19.0 21.9 43.5 97.73 0. 3005
8.0 376 23.0 19.4 22.6 42.9 120.72  0.3353
8.2 | 417 23.5 19.7 23.3 42.8 146.15  0.3690
8.4 458  24.0 20.1 23.9 42.3 173.80  0.4026
8.6 500  24.5 20.5 © 24.6 42.1 203.81  0.4353
8.8 540  25.0 20.8 25.3 41.9 236.05  0.4663
9.0 579  25.5 21.1  25.9 41.7 270.47  0.4960
9.2 628  26.3 21.3 26.5 41.7 307.79  0.5343
9.4 657  27.1 21.6 27.0 41.7 346.85  0.5556
9.6 696  27.9 21.8 27.5 41.8 388.33  0.5848
9.8 733 28.7 22.1 28.1 41.7 431.95  0.6114
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477.55
524.97
575.92
624.70
677.00
730.76
785.75
841.86
899.06
957.16
1016.11
1075.69
1135.73
1196.16
1256.SQ
1317.51
1378.01
1438.39
1498.3%2
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11896.40

1947.97

1998.23

H

0.6337
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0.7404
0.7520

0.7634

\O- 7721
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0.6861
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25.2 The Results of Predictions of Collector Performance for a

typical June day in the Cape Peninsula

The air flowrate through the collector was held constant at 7 kg/s.

A B C D E F G H

8.8 93 7.5 10.6 10.8 5.3 0.7 0.0838
9.0 17 Te5 1.1 1.5 11.3  2.59 0.1244
9.2 143 7.5 11.6 12.4 18.9 6.45 0.2016
9.4 166 7.5 12.0 13.0 22.2 1.7 0.2545
9.6 192 7.5 12.5 13.9 25.9 18.81 0.3255
9.8 220 7.5 12.9 14.6 27.9 27.55 0.3864

10.0 247 7.5  13.4 15.5 30.1 38.16 0.4577
10.2 212 7.5 13.8  16.2 32.0 50.57 0.5304
10.4 294 7.6  14.2 16.9 32.3  64.10 0.5724
10.6 316 7.6  14.6 17.6 33.3  79.08 0.6278
10.8 335 7.7 15.0 18.1 33.3  95.00 0.6633
11.0 352 7.7  15.4 18.7 33.2 111.67  0.6935
11.2 368 7.8 15.7 19.2 33.4 129.22  0.7224
1.4 380 7.9  16.0 19.6 33.3 147.28  0.7438
11.6 392 7.9  16.3 20.0 33.4 165.93  0.7634
11.8 400 8.0 16.5 20.3 33.4 185.00  0.7770

12.0 407 8.1 16.7 20.5 33.5 204.44 0.7884

12.2 412 8.2 16.9 20.8 33.3 224.00 0.7968
12.4 416 8.4 17.0 21.0 33.4 243.80 0.8035
12.6 418 8.5 17.2 21.1 33.2 263.55 0.8067
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283.44
303. 28
323,21
342.76
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381.06
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417.49
434.67
450.90
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APPENDIX 26

COESIDERATIONS OF THE INTERNAL COLLECTOR RADIATION

TRANSMISSIONES, ABSORPTIONS AND REFLECTIONS

The input of energy to the éollectdr covers and black-netting as a

result of incident radiation was evaluated for a succession of six
reflections. These six inputs are shown in Figures 63, 64 and 65.

The results obtained from these are listed below and allow the evaluation
of the fractions of the incident radiation that were absorbed by the

various collector surfaces.

Energy absorbed by the bottom cover:

STJACD. (T oT 40 4 T T ap P 0+ T +p P T .0

Qbottom cover P nc p P nc p nc p P nc p nc p
+ T T 2 + T .1 2
p* ncPp%p p" 'ncPpPnc %
+ T _.p° _.p° G+ T P epieT )
P nc"p ncp P ncp ncTp

Energy absorbed by the black-netting:

. = I-A . . . . 3y . 2 . 2
leack—nettlng n'Tp “ne Q-+ Tncvpp * ne pp * "ne pp
+ 2.1 2 0 o+ T
*"ne*PpPnc nc Pp nc*PpPnc
3 3 2 3 2
* nc®p ¥ TnePpPnc "ne pp'pnc)
Energy absorbed by the top cover:
Qt : = TA , (@ 4 T ep .G+ T T ep .G + T .p° _p_.a
op cover . cts P P nc p P nc 'p p p B¢ 'p P
’ ) 2 3 2
+ 2.7 .Tnc pp'pnc' P Tp.pnc.p .ap
+ T P _epeT _.a)

pnc’"p  nc’p
The energy absorbed by the edge cover is assumed to consist only of the
primary absorption. In the calculations the values of the initial incidence

angle and all subsequent reflected and transmitted radiation angles are assumed

equal. (i.e. except for the edge cover, all surfaces are assumed parallel).
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APPENDIX 27

THE SOLUTIOE PROCESS FLOWCHART

(a) The Flat Plate Model

INPUT
(1) Areas (An’Act’Acts’Acb’Ace’Aces)

e_)

(2) Emittances (En’ect’ecb’ece’ -

(%) Radiation shape factors (Fi—ct’FEb—ct’Fce-ct’Fct—s’Fct-g’Fh—cb

cb—s’Fcb-ce’Fcb-g’Fn-ce’Fce—gout’FEe-gin

)

F . LF  ,F
ce-sout’ ce-sin’ n-s’ n-g
(4) Collector mass flowrate (m)
(5) Incident Radiation (I)
i . = = . = = T
(6) Inlet air temperature (Tin Tfst : Tfsb Tint Tinb in)
(7) Ambient air temperature (Ta : Tg = TS =T)

(8) Fractions of incident radiation absorbed by the collector

surfaces (acee’a ’ane) at zero degrees incidence angle

o
cte’ che

GUESS

)

Initial values of the unknowns (Tct’Tce’ch’Tn’Toutt’Toutb’Tbut

CALCULATE

(1) Flowrates in the top and bottom collector sections (ﬁt,ﬁb)

(2) Length from the leading edge of the collector to the
mid-point of the element under consideration (£)
(%) Film temperature properties for the various surfaces of

the collector (kf,Cpf,Prf,uf,vf)
2 ———p ’

(4) Internal collector surface forced convection heat

)

transfer coefficients (hct’hcb’hce’hnt’hnb

L T



(5) whether the external surface natural convection regimes are

laminar or turbulent (i.e. evaluate Gr .Prf) and hence select

f

the appropriate equations and calculate (hw )

h
ct’ wce' convcb

)

(6) improved values of the temperatures (Tct’TCe’ch’Tn’Toutt’Toutb’Tout

If, on substitution into the simultaneous equations, any residual value
is more than |0.01] (see Appendix 28), then repeat the calculations
using the improved 'guesétimate' of the unknown temperatures i.e.

RETURN TO 'CALCULATE (3)

If, on substitution into the simultaneous equations, the residual values
are less than I0.0II , then use these solution values as the solution
values of the elemént under consideration. Consider 'the next element

along the collector length.

If there are no more elements, T becomes the predicted collector

out

air-outlet temperature and the program stops 'running' i.e. 'END'

If there are more elements to consider, the following input conditions
for the new element are transferred from the results of the 0ld element:
Tint = Toutt(OId) and Tinb - Toutb(OId)

The procedure is now repeated i.e.

RETURN TO ‘CALCULATE (2)'

(b) The Flat-Plate/Tube Model:

" The flowchart for this model is the same as for the Flat-Plate model,
except that the following is done at the position marked 'ss'
The top and bottom éection thermal entry lengths are calculated and the
results of these calculations are used to decide whether the tube or

. flat-plate considerations are to be applied.
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(c) The Life-Size Baird-tvpe collector performance predictions:

INPUT

(1) Areas

(2) Emittances

(3) Radiation shape factors

(4) Mass flowrate

(5) Start time

(6) Incident Radiation at time 't'

(7) Inlet air temperature at time 't' (Tin = Ta : T =T -6)

(8) Ground temperature at time 't' (Tg)
GULESS

Initial values of the unknowns (Tct’T ,T , )

ce cb’Tn Toutt’Toutb’Tout
CALCULATE

(1) Calculate the radiation incidence angle at time 't' and use
the answer to calculate the fractions of incident radiation

absorbed by the collector surfaces (a  ,a , ,a . ,a&
. cee’ cte’ cbe’' n

o) at time 't

(2) Top and bottom section mass-flowrates

(3) Length from leading edge to mid-point of the element under
consideration

(4) Film temperature propertieé for the various collector surfaces

(5) Calculate the internal and external surface heat-transfer

coefficients

, T ,T _,T ,T T T

f th
(6) Improved values of the temperatures (Tct ce' Teb T Tontt* Touth® Tout

If, on substitution into the simultaneous equations, any residual value
is more than l0.01| s then repeat the calculations using the improved

'guesstimate' of the unknown temperatures i.e. RETURN TO 'CALCULATE (4)'
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If, on substitution into the simultaneous equations, .the residual values
are less than l0.0ll, then use these solution values as the solution values
of the element under consideration. Consider the next element along the

collector length.

If there are no more elements, 'T ' becomes the predicted collector

out
air-outlet temperature at time 't'. The time is advanced by one time
interval (which in the case of this thesis is twelve minutes) and the

program returns to the point 'INPUT (6)'. If the radiation intensity is

zero the program stops 'running' i.e. END

If there atre more elements to consider, the following input conditions
for the new element are transferred from the results of the old

element:
Tint = Toupglold)  and T = T, (old)

The procedure is now repeated i.e. return to 'CALCULATE (3)'
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APPERDIX 28

A SANPLE CALCULATIOR AND THE VERIFICATION OF THE SOLUTION PROCESS

Consider the results of the computations done by the computer for

element ten of Test 10: using the flat plate model:

Distance from the leading edge of the collector to the mid-point

of element ten = O0.432 metres

Top section air-inlet temperature «.....c0iievee = 30.3 degrees Centigradé'
Bottom section airfinlet temperature .....cc.... = 30.5 degrees Centigrade

Air-inlet temperature .....e.iveiecineciensenese = 30.4 degrees Centigrade

Top cover temperature .....Q..................5. = 23.3 degrees Centigrade
Edge cover temperature .........ciiiiiiiiia.. o = 22.2 degrees Centigrade
Bottom cover temperature ....... .00, Ceeene = 23.0 degrees Centigrade
Black-netting temperature ...... s erenaan sesae = 37.4 degrees Centigrade
Top section air-outlet temperature ............. = 30.8 degrees Centigrade
Bottom section air-outlet temperature ....... «e. =.31.1 degrees Centigrade
Outlet-air temperature .....;....;...... ....... . = 31.0 degrees Centigrade

These values were generated using the following input conditioms:

Mass-flowrate through the collector = 0.002317 kg/s
Inlet-air temperature to element one of the collector = 25.0 degrees Centigrade

Ambient-air temperature «...eceoeeecececcessesessesess = 18.8 degrees Centigrade

Total radiation intensity incident on the collector = 852 W/m2

~ !

A summary of the results listed above is included in Apﬁendix 19. The

sample calculation that follows is based on the flat-plate model solution.
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Calculation of the top-side black-netting heat-transfer coefficient:

h o= kg ¢ o x £ '
n - X (—IT) Oezz o (L —)Ov6a 0.359% ..... (1)
We X Aoy

Equation (1) is derived in Appendix 2. The properties of the air specified
in (1) are all evaluated at the top-side netting film temperature, which

is defined as:

H
"

(Tn + Tfst)/2 substituting values from the results

(z7.4 + 25.0)/2

231.2 degrees Centigrade

Properties are evaluated by extrapolation of tables presented in Holman (41):

N _ O
k31.2 og = 0.02656 W/m.°C
h31.5 00 1.991 x 10® kg/m.s
m, = 0.52 x 0.002317

t

1.205 x 10~  kg/s

For element ten, £ = O.432 metres and the top section cross-sectional area
 is calculated in Appendix 13 as:

2

_ -6
Axt = 1309 x 10 m

Substituting these values into Equation (1):

0.3593 x 0.02656 x (0.432)-0.22 x (1.205 x 107 x 0.432

=
"

0 .64

nt ’
0.432 0.455 1.991 x 10~° x 1309 x 107®

12.63 W/m’

Calculation of the bottom-side blﬁck-nefting heat-transfer coefficient:

The bottom netting heat-transfer coefficient is also evaluated using
Equation (1). Since the upper and lower collector free-stream temperatures

are the same, the netting film temperature is again 31.2 degrees Centigrade.
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Thus the thermal conductivity and dynamic viscosity of the air are the

same as in the top collector section.

éb = 0.48 x 0.002317 (see Appendix 6)
= 0.001112 kg/s
A, = 1202 x 108 w’ (see Appendix 13)

Substituting the appropriate values into (1):

0 .64

h

b 0.3593 x 0.02656 x(o.usz)'°-22 x (0.001112 x 0.432

0.432 0.455 1.991 x 10 ° x 1202 x 10*5)

12.67 W/m* .°C

Calculation of the internal edge cover convection heat-transfer coefficient:

0 .5

L mx £
hC = 0.45% x Ei X (Prf)3 X (J;—;—K;) ................ (2)

{
The origin of Equation (2) is explained in Appendix 10.
In this case:

T, (T T. .)/2

ce * fsb

(22.2 + 25.0)/2

23.6 degrees Centigrade

The air properties at this temperature were obtained from Holman (41):

(o]
k23.6oc = 2.597 x 102 W/@. C

p,23.6éc = 1.949 x 10 kg/ms

Pr23.60C = 0.709

Substituting these values into Equation (2):

6

h
ce

A - 1 ' - | o.
0.453 x 2,597 x 10 ° x (0.709)% x (1.112 x 102 x 0.432 )
0.432 0.00001949 x 1202 x 107°

)

3.8 W/a® ¢
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Calculation of the internal top cover convection heat-transfer coefficient:

The internal top cover convection heat-transfer coefficient is also
evaluated'using Equation (2); The top cover film temperature is:

Te o= (Toyp v
(23.3 + 25.0)/2

Tfst)/2

24.2 degrees Centigrade
The air properties at this temperature were obtained from Holman (41):

= 2.601 x 10~ W/m.°C

Kou.2 O

. -5
oy 5 O¢ = 1.955 x 1Q kg/m.s
Pr24.2 oC = 0.709

Substituting these values into Equation (2):

1
0.453 x 2.601 x 10> x (0.709)% x (0.001205 x 0.422 %-5
0.432 0.00001955 x 1309 x 107°

hct

2,47 W/m® .°C

i

Calculation of the internal bottom cover convection heat-transfer coefficient:

The internal bottom cover forced-convection heat-transfer coefficient is.

also evaluated using Equation (2). The bottom cover film temperature is:
Tf = (ch + Tfsb)/2

(23.0 + 25.0)/2 = 24.0 degrees Centigrade

Evaluating the air properties at this temperature:

. 2 o]
kab“O og = 2.6 x 10°° W/m. C

Moy 0 % = 1.953 x 10 ° kg/m.s

Przq.o OC = 0.709

Substituting these values into Equation (2):

0 .b

hcb

1
0.453 x 0.026 x (0.709)3 x-(0.001112 x 0.432 )
0.432 1.953 x 10~° x 1202 x 102

2.48 W/m® .°C
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The natural convection coefficients that pertain to the external collector
surfaces are derived from the equations listed in Appendix 10. In order to
éstablish the nature of the flow regime (and therefore to select the
appropriate equation), it is necessary to evaluate the 'Gr.Pr' product.

Consider the top cover:

The top cover film temperature.is:

Te

(Tct + Ta)/z

(23.3 + 18.8)/2 = 21.05 degrees Centigrade

Once again, the following properties are extracted from Holman (41):

Vo1.05 °¢ 14.94 x 10° m’ /s
. i oo
Bo1.05 °%¢ = (1/(273 + 21.05)) = 3.4 x 10 K
Pro1.05 ¢ = ©0-70 .
Now Grf = gx Bf X (TCt - Ta) x L
v?
f 3
(9:11 + 0.0455,
= 9.8 x 3.4 x 107 x (23.3 - 18.8) x >
(14.94 x 1078)?
= 3.16 x 10P

"

Thus Pr .Grf

P 0.710 x 3.16 x 1P

2.24 x 1P

#

Inspection of Appendix 10 reveals that the flow regime falls within the
laminar region. Similar calculations for the edge and bottom covers
establish that all the natural convection processes have laminar flow .

\

regimes.

Calculation of the top cover external convection heat—transfer coefficient:

0 .26
h . = 1.32 x ,T -T)

wct (from Appendix 10)
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Substituting appropriate values:

0 .25
h = 1.32 x ,23.3 - 18.8
wet (011 7 0.0655)]
2 - .

3,64 W/mz,OC

Calculation of the edge cover external convection heat-transfer coefficient:

0 .25

h = 1.42 x 'Tce - Ta (from Appendix 10)
wce (=)
Substituting appropriate values:
0 .25
h o = 1.h2X (22:2 = 18.8 )
(0.014 + 0.0455)

2

L.64 W/m* .°C

Calculation of the bottom cover external convection heat-transfer coefficient:

T -7 0.2
hconvcb = 0.61 x (.Cb a) (from Appendix 10)
L
Substituting appropriate values:
h 23.0 - 18.8 0.2 »
convcb ((0.12 " O.Ou55)2) x 0:61
2

#

2.2 w/m .°¢C

The values of the above forced and natural heat-transfer coefficients
can now be used in the energy balances to confirm the validity of the

solution values. The energy balance equations come from Chapter Three.

{1) The energy balance on the top section fluid:

hnt'An'(Tn_' Test) = PogBor Teer = Tor) - mt'Cpt‘(Toutt " Tine? = O

The areas are calculated from dimensions given in Appendix 13, and are:

A = 0.00455 m°
2
ACt = 0.005005 m
C. = 1006 J/ke.%c -
ot /kg-C evaluated at (T .. T, .)/2
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Substituting the relevant values into the equation:

12.63 x 0.00455 x (37.4 - 25.0)
3.47 x 0.005005 x (25.0 - 2%.3)

'

1.205 x 10™% x 1006 x (30.8 - 30.3)

= 0.08

(2) The energy balance on the bottom section fluid:

hnb'An'(Tn - Tfsb) - hcb°Acb'(Tfsb - ch)

- 2.hce.Ace.(Tfsb - Tce) - mb.Cpb.(Toutb - Tinb) = O

Areas are calculated from the dimensions given in Appendix 13, and are:

Ay = 0.00546

A, = 0.000637

Cpb = 1006 -evaluated at the mean bulk fluid temperature of
element ten i.e. ((Toutb + Tinb)/z) '

Substituting relevant values into the equation:

12.67 x 0.00455 x (37.4 - 25.0) - 3.48 x 0.00546 x (25.0 - 23.0)

2x 3.48 x 0.000637 x (25.0 - 22.2)

0.001112 x 1006 x (31.1 - 30.5)

= 0;007_
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(%) Energy balance on the top cover:

h ,.A _.(T -T .) + A S.I.a

ct ct fst ct ct cte

~ Substituting relevant values into the equation:

- -Acb'Fcb—ct°€cb'€ct'(l-en)'o'(sz - Ttt)
+ n.Fn_ct.en.ect.o.(T; - ?zt)
+ 2.A .F e ve L o(log Do (T2 - TE))
ce ce-ct ce ct n ce ct
- A, Fct_s;ect.es.o.(th - T:)
- o (T*, -~ T)
ct
1 + l-¢
tends to O since Ag tends to infinity
- hwct'Act'(Tct - Ta)v
= 0
Now ACtS = An
®te = 0.021 for an incident radiation angle of 0° - see Appendix 27
I = 852 W/m°- see Appendix 16
n-ct 0.65, Fcb-ct = 0.5, Fce-ct = 0.24
Fct-s =1, Fct-g =1 - see Appendix 11
€ceo =Of48 v Eop = 0.48 €g = 1
€t =0.48 , e, = 0.43 - see Appendix 3

| 3.47 x 0.005005 x (25.0 - 23.3) 4+ 0.00455 x 852 x 0.021

+ 0.00546 x 0.5 x o.L+8Vx 0.48 x (1-0.43) x 5.669 x 10~8 x (296%*-296.3%)

+ 0.00455 x 0.65 x 0.43 x 0.48 x 5.669 x 10~% x (310.4%* - 296.3%)

+ 2 x 0.000637 x 0.24 x 0.48° x (1-0.43) x 5.669x10 % x (295.24-296.3%)

- 0.005005 x 1 x 0.48 x 1 x 5.669 x 10~® x (296.3*-291.8¢)
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5.669 x 10~% x (296.3%*-291.8%)
1
0.005005 x 1 x 0.48 x (1-0.43) x (1-0.48)

3.64 x 0.005005 x (23.% - 18.8)

+ 0.0173673 + 0.0814086 - 6.2349 x 1074
+ 0.0545112 - 2.591 x 10™* - 0.0623323

- 0.0184752 - 0.0819819

-0.01

(4) Fnergy balance on the bottom cover:

hcb'Ac‘b'(Tfsb - ch) + Acb'I'acbe

1

€ep 0 (Th = Toy)

n'Fh-cb'En'

A t-(l—sn).o.(Ttb - T.)

cb'Fcb—ct'Ecb'gc ct

Acb.Fcb_s.scb.eS.(l—sct).(l—sn).o.(Téb - T;)
- 2'Acb'Fcb—ce'Ecb'gce'o'(T?:b - Tze)
- o (T, - T)
cb -
1 + 1-¢
Acb'Fcb-g'Ecb € [-A
' € tends to zero since Ag tends to infinity
hconvcb'Acb'(ch - Ta)
= 0
Now Cpe = 0.007 - see Appendix 27
En—cb = 0.7, F‘cb-ct = 'of5 ’ Fcb-s = 1
cbece = 0.05 , Fcb-g = 1 - see Appendlx 11
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Substituting relevant values into the equation:

3.48 x 0.00546 x (25.0 - 23.0) + 0.0054 x 852 x 0.007
+ 0.00455 x 0.75 x 0.43 x 0.48 x 5.669 x 1078 x (310.4*-296%)
- 0.00546 x 0.5 x 0.48 x (1-0.43) x 5.669 x 1078 x (296%-296.3%)
- 0.00546 x 1 x 0.48 x 1 x (1-0.48) x (1-0.43) x 5.669 x 107° x (296*-291.8*)
- 2 x 0.00546 x 0.05 x 0.48° x 5.669 x 10~% x (2964-295.24)
- 5.669 x 10-® x (296*-291.8%)

1
0.00546 x 1 x 0.48

2.2 x 0.00546 x (23.0 - 18.8)

+ 0.0380016 + 0.0325634 + 0.0641421 + 6.3340 x 1074

- 0.0187822 - 5.89447 x 107 - 0.063368 - 0.0504504

0.002

(5) Energy balsnce on the edge cover:

ce ce fsb ce ces cee
+ . . o(T - T )
n n-ce n ce n ce
b eb-ceCcb e’ (sz - Tze)
- g.(T* - T#)
. ~_Ce g
1 + l-¢
Ace'ece'(Fce—gout * Fce-gin'(l—ecb)) e/.A
‘ €tends to O since Ag large
- 0.A .e .e .(F +F 0 (1-e )1 N)(TF - T)
ce ce s ce-sout ce-sin n ct_ ce s
- ce’Fce—ct'Ece'?ct'(lfgn)'o'(Tte - Ty
- h A (T -T)
wce ce ce a
= 0
Now %o = 0.02 - see Appendix 27
Aces = 0.000455
n-ce=o‘05’ Fce—goutzo'zs’ Fce-gin=0'75’ Fceésout=0'75’ Fce-sinzo'25
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Substituting relevant values into the equation:

3.48 x 0.000637 x (25.0 -22.2) + 0.000455 x 852 x 0.02
+ 0.00455 x 0.05 x 0.43 x 0.48 x 5.669 x 10™® x (310.4%#-295.2%)
0.00546 x 0.05 x 0.48%x 5.669 x 1078 x (296%-295.2%)

-+

5.669 x 1078 x (295.24-201.8%)
1 .
0.000637 x 0.48 x (0.25 + 0.75x(1-0.48)

5.669 x 108 x 0.000637 x 0.48 x 1 x(0.75+0.25x(0.57)x(0.52)) x (295.2¢-291.8%
0.000637 x 0.24 x 0.48% x (1-0.43) x 5.669 x 1078 x (295.24-296.%%)

L.64 x 0.000637 x (295.2 ~ 291.8)

+ 6.20692 x 107> + 7.75%2 x 10~°  + L4.49616 x 10~ + 2.9472% x 10~4

- 3.81456 x 10~> - L4.91184 x 10~> - 1.2955 x. 10~% - 0.0100493

It

-0.00015

(6) Energy balance on the black-netting:

hnt'An'(Tn - Tfst)

0.(T* =T )
n

An'Fn—ct°€n'€ct ct

+ A .F € e (1-g .o . (T* = T)
& c

n " n-s" n° t n s
13

+ h _ .A (T -T_ )
n n

nb fsb
T A fh-cb tnEen® (T; - sz)
+ 2.4 . . o (T¢ - T* )
n n-ce n ce n ce
+ o.(T - ™)
n g
1 + 1-¢
n’ n-g'en'(l-gcb) e/ A
: € € tends to zero since A_ tends to infinity
- A .l.a
.’n n
= 0
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Now a = 0.46 - see Appendix 27
Substituting the relevant values into the equation:

12.6% x 0.00455 x(37.4 - 25.0)
+ 0.00455 x 0.65 x 0.43 x 0.47 x 5.669 x 10~® x (310.4%-296.3%)

-+

0.00455 x 1 x 0.43 x 1 x (1-0.48) x 5.669 x 10~® x (310.4%-291.8%)
+ 12.67 x 0.00455 x (37.4 - 25.0) |
0.00455 x 0.75 x 0.43 x 0.48 x 5.669 x 10™® x (310.4%-296%)

-+

+ 2 x 0.00455 x 0.05 x 0.43 x 0.48 x 5.669 x 1078 x (310.4%-295.2#)

+ 5.669 x 107® x (310.4* - 291.8%)
1 )
0.00455 x 1 x 0.43 x (1-0.48) -

0.00455 x 852 x 0.46

"

+ 0.7125846 + 0.053%3756 + 0.0908521 + 0.7148414
+ 0.0641421 + 8.9923% x 10~ + 0.1172489 - 1.783236

-0.021

(7) Energy balance on the fluid(s):

mt’cpt'(Toutt - Tt By +Cop* Toutb = Tinb? - i.C o (Tt Tin) = O

Substituting the relevant values into. the above equation:

1.2505 x 10~° x 1006 x (30.8 - 30.3)

+ 0.001112 x 1006 x (31.1 - 30.5)

0.002317 x 1006 x (31.0 - 30.4)

+o.6_290015 + 0.67120%2 - 1.3985412

n

-0.098
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The residuals of the seven energy balance equations were calculated
on the compﬁter as:

(1) -6.3 x 10°°

(2) -6.4 x 10~®

(3) 8.0 x 107®

(4) 2.9 x 107

(5) -8.1 x 107®

(6) 1.28 x 107°

(7) 2.25.xv10-7

These values are all smaller than those calculated above in Appendix 28.
This is a result of the fact that the computer uses nine decimal places

in all the calculations, leading to a smaller 'round-off' error.:

Tests were conducted to establish the optimum residual value in order
to minimise calculation time. The result of the tests was the selection

of a maximum allowable residual value of l0.0lI

Calculation of the percentage predicted heat-gain error:

The percentage predicted heat-gain error was calculated using the following

equation:

fix € x (T .-T. ) - ExC x (T a T
: p predicted P o measured

100 x

m x Cp-x (Tout-Tin)

measured
Consider the calculation of the predicted heat-gain error for Test 10.
Since the specific heat of air is not very temperature sensitive, it was

taken as a constant. This means that the predicted heat-gain error was

calculated through the temperature differences i.e.

100 x |{31:0 - 25.0) - (31.9 - 25.0) = -13 g

In Appendix 19, the result for Test 10 is -13.7%. The difference between

the results is due to round-off errors in the temperature wvalues.
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Calculation of the collector efficiency:

The collector efficiency was calculated using the following equation:

m x Cp X (Tou ~T. )

Efficiency = t "in x 100

I x A
n

Consider the calculation of the predicted collector efficiency of Test 10:

0.002317 x 1006 x (31.0 - 25.0) 100
852 x 0.455 x 0.1 - ’ ,

Predicted Efficiency

36.0 %

Again, this is slightly different from the value of 25.8 % listed for
Test 10 in Appendix 19 and is the result of round-off errors in the

temperature values.
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