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ABSTRACT.
The major problems experienced with solar air heaters are their non-reliability as their
operation largely depends on weather conditions which keep on changing. This study was
aimed at providing and experimentally validating a transient based model for predicting

the performance of multi-pass solar air heaters operating on changing weather conditions.

A transient prediction model was developed by considering the thermal capacities of the
collector components and the flowing air. Differential equations were developed by
considering the energy interactions and balances for the various components of the

collector, and then solved numerically.

The developed model was tested with input data of insolation, ambient temperature, wind
velocity and solar time and then validated experimentally by use of a single collector
which was designed to accommodate all the four flow arrangements investigated ( SPM,

DMPM, DTPM and TPM)."'

The time constant of the collector constructed was determined experimentally to be 27
minutes. The theoretical collector performance results indicated a transient behavior for
changing weather conditions. This was also confirmed by the experiment carried out

whose data were recorded and plotted at intervals of two minutes.

Based on air temperature rise and collector efficiency both the developed theoretical
model and experimental set up indicated that the triple pass mode is superior to the other

modes, with the single pass mode ranked the lowest in performance. The developed



computational prediction model had a standard deviational error of 1.8 to 2.1% as
compared to the experimental values which had an error of 2.7 to 9.6%. The TPM had the
lowest error (1.8%) while the SPM had the highest (2.1%). When compared to other

models and experiments, the results were in good agreement.

The developed model confirmed that air temperature rise in the collector is a function of
available solar insolation and prevailing weather conditions such as; cloud cover, ambient

temperature and wind.

It was found that, in actual sense thermal solar collectors do experience transient
conditions and the developed transient model was necessary, and is expected to reduce
the day long experiments that need to be carried out to acquire the performance

characteristics of solar air heaters under changing weather conditions.
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NOMENCLATURE.

A constant for determination of Nusselt number for lamina flow between two
parallel flat plates,

Couette coefficient.

Constant term that combines the density, thickness and specific heat of

glass, m\K/j

Area for radiation heat exchange, m?2
Area for conduction heat flow, m2
Duct cross-sectional area, m2
Collector box surface area, m2
Collector width, m
A constant for determination of Nusselt number for lamina flow between two
parallel flat plates,
Hagenbach coefficient.
Beam radiation component, W/m2
A constant for simplification of glass properties, s'l
Biot number.
Loss coefficient for filter.
Specific heat capacity, J/kg.K
Specific heat capacity of air, J/kg.K
Specific heat capacity of absorber plate material, J/kg.K
Specific heat capacity of back plate material, J/kg.K
Specific heat capacity of glass, J/kg.K
Specific heat capacity of insulation material, J/kg.K
Screen discharge coefficient
Discharge coefficient
A term grouping the heat transfer coefficients between the top glass cover and the
ambient, and the first glass cover and the top glass cover in the single pass
mode, W/m2K
A term grouping the heat transfer coefficients between the top glass cover and the
Ambient, the flowing air and the first glass cover, and the radiation heat transfer
coefficient between the first glass cover and the top glass cover for DTPM,
W/m2K
A term grouping the heat transfer coefficients between the top glass cover and
ambient, and the top glass and first glass covers for DMPM, W/m2.K
A term grouping the heat transfer coefficients between the top glass cover and
ambient, the flowing air and the top glass cover, and the radiation heat transfer
coefficient between the first and top glass covers for triple pass mode, W/itt.K

Duct diameter, m.
Hydraulic mean diameter, m.
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Ec

fi
fab
ft

Fi2
Fr
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Gi

Diffuse radiation component, W/m?2

A grouping term of heat transfer coefficients between the first glass cover and
the top glass cover, and the absorber plate and the first glass cover for single

pass mode, W/m2K

A grouping term of heat transfer coefficients between the flowing air and the
first glass cover, the absorber plate and the first glass cover, and the radiation
heat transfer coefficient between the first and top glass covers for DTPM,

W/m2K

A grouping term for heat transfer coefficients between the flowing air and the
first glass cover, the top and the first glass covers, and the radiation heat transfer
coefficient between the first glass cover and the absorber plate for DMPM,

W/m2K

A grouping term of heat transfer coefficients between the flowing air in the first
flow channel and the top glass cover, the flowing air in the second flow channel
and the top glass cover, and the radiation heat transfer coefficient between the

absorber plate and the first glass cover for triple pass mo?le, W/m2K

Double (middle first) pass mode.
Double (top first) pass mode

A constant term that combines the density, thickness and specific heat of the
absorber plate, m2.K/j

Equation of time in minutes

Emissive power, W/m?2

Frictional loss coefficient

Fraction of incident insolation absorbed by thefirst glass cover

Fraction of incident insolation absorbed by theabsorber plate

Fraction of incident insolation absorbed by thetop glass cover

A constant term thatrepresents combined properties of the absorber plate, s'1
Radiation view factor for surfaces 1and 2

Collector heat-removal factor.

Ratio of the mass flow rate of air per unit cross-sectional area of duct, Kg/s.m?2
Irradiance, W/m?2

A grouping for heat transfer coefficients between the absorber plate and the first
glass cover, the absorber plate and the back plate, and the flowing air and the

absorber plate for single pass mode, W/m2K
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A grouping term for heat transfer coefficients between the absorber and the first
glass cover, the absorber plate and the back plate, and between the flowing air
and the absorber plate for DTPM, W/m 2K
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Extraterrestrial radiation, W/m?2
Grashof number
Recorded solar irradiance, W/m?2

Solar constant, W/m?2

Heat transfer coefficient, W/m2K

A term representing the convective and radiation heat transfer coefficients
between the absorber plate and the first glass cover, W/m2.K

Natural convection heat transfer coefficient between the top and first glass
covers, W/m2K

A term combining the convection and radiation heat transfer coefficients
between the top glass cover and the ambient, W/m2K

A term representing the radiation heat transfer coefficient between the absorber
and the back plates, W/m2K

Natural convection heat transfer coefficient between the absorber plate and the
first glass cover, W/m2K
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airw/m2K

Convection heat transfer coefficient between the back plate and the flowing air,
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Convection heat transfer coefficient between the flowing air in the second flow
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Convection heat transfer coefficient between the flowing air in the second flow
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Convection heat transfer coefficient between the flowing air in the third flow
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CHAPTER1: INTRODUCTION

1.0: INTRODUCTION

Due to the development of technology and the high population growth rate, the demands for
energy are tending to exceed the supply, hence resulting to what is commonly termed as
‘Energy Crisis’. Governments and institutions are working hard to encourage the use of
alternative energy sources. The main alternative energy sources are; - solar, geothermal,

biomass, wind, and other small scale renewable energies such as; tidal and wave power.

As part of the change in energy policies that followed the ‘oil crisis’, many industrialized
countries have expanded their development efforts in renewable energy, and a substantial

technical progress has been made.

Many energy issues have been brought forward to control the depletion of fossil fuels, these
calls for increased oil prices. One of the energy issues is fuel wood provision, which are
largely unaffected by oil price fluctuations and are affordable to the rural poor. Another issue
is the use of renewable energies which do not affect the environment and are relatively

affordable.

It has been assumed that, the third world can rapidly bypass the era of fossil fuel and go
straight into a solar future. The optimists argued that solar energy is an abundant free
resource, especially in the third world, and that lack of an existing infrastructure, including
administration, is an advantage because there is little technological inertia. But this is not true

because lack of infrastructure is an obstacle to change.



The weak economies of the third world, which are characterized by lack of foreign exchange
and limited household purchasing power, slow down the rate of technical change. Any large-
scale implementation of new and renewable energy technologies, like most features of
industrial development, will therefore first occur in the advanced economies. This is clearly
shown by today’s development trends. In the present world the role of such technologies in
the third world is limited, especially in the rural areas. Therefore, until economic
development has brought the majority of farmers above the subsistence level, wood and
agriculture wastes will continue to be the dominating source of energy for the foreseeable

future.

The energy problem of the third world is not one single, simple problem. It is a complex and
multi-faceted problem experienced in modem industry and the traditional households.
Effective energy demand, which is not to be confused with energy need, covers a wide range
of end-uses. Thus attention should be paid to questions of both supply and demand. Fuel and
technologies will have to be matched to the task, which also means that renewable energies
and conventional energy must be seen as complementary to each other. Current energy plans
in for example, China and India explicitly state that, ‘neither conventional nor renewable
energy can solve the problems of rural energy development on their own’. For the foreseeable
future, it will not be possible to supply rural areas with oil or grid power in large enough
quantities to support the desired economic growth. This means an increased reliance on local

and therefore renewable energy sources [1],

Judging from the situation in the industrialized countries, general electrification is one of the

main keys to industrialization and development, this is also true in the rural areas of the



developing world. In this context, new and renewable energy technologies may also have an

important role to play, sometimes as a crucial first step.

Energy is not simply a commaodity - it has become a critical factor of production in addition
to land, labour, and capital. There is a need to promote the renewable energy technologies,
for, in the energy futures of developing countries, every contribution is critical. Local, small-
scale, decentralized initiatives are indispensable in this respect as the ongoing depletion of

wood fuel threatens even the subsistence base of the third world population.

Since 1981, there have been improved technologies that are viable to assess the future
prospects of renewable energy. For instance, on solar energy, there are solar cookers and
solar thermal pumps. More emphasize has been on photovoltaic cells and solar crop-driers
which continue to develop, and seem to be spreading gradually into larger and lager market
niches. Also, the use of solar water-heaters for urban and institutional water heating

applications is gaining popularity [1],

It is clear that the so called ‘new and renewable’ sources of energy will have a very useful
role to play in developing and powering the third world, as an integral part of the energy

systems.

Solar energy is one form of renewable energies that has found many areas of applications
both domestically and in industry. It is mainly used for water heating, air heating, and supply
of electrical power, and crop drying- since the temperatures achieved are those required for

drying.



The available solar energy depends on: -
1 Position of the sun in the sky.

2. The weather conditions, especially clouds.

3. The location.

On the other hand, the solar energy that will be made use of will depend on: -
1 The available solar energy.
2. The technology used to harness it.

3. The prevailing weather conditions.

The main advantages of solar energy are: -
The energy is virtually free - after the initial cost.
The payback period is very short.
It is a stand-alone system (no grids and pipe networks).
It comes in unlimited supply.
It has no pollution effects.

It is extremely clean.

Some of the major limitations to use of solar energy include;
* In most cases it can only be utilized during the day.
» It depends on weather conditions.
» Some solar components such as glass and battery are expensive.
* It requires teichnical skills.
» Condensing vapours will affect the transmittance of glass.

* Most solar energy utilizing equipments have very low efficiencies.



1.1: CROP DRYING
Drying is a preservation method for grain crops and also a necessary stage in the processing

of crops like tea, pyrethrum and coffee.

Drying of crops after harvesting is an important process in the preservation of agricultural
produce, yet it is at this stage where much of the crop deterioration may take place due to

poor handling and incomplete drying.

Generally the main reasons for crop drying are: -
Reduction of moisture content thereby reducing weight.
Prolonging of crop shelf life.
Preservation of nutritional value.
Reduces chances of attack by insects (weevils).
Reduction of the risk of contamination by toxic moulds.

It allows early harvest and preparation of the land for the next season.

The drying of organic produce such as vegetables, fruits, coffee, grains, fish, cocoa, tobacco,
and timber has been a regular and important feature of village life in the rural areas of
developing countries. Most of the drying process is carried out using open-air techniques and,
this is one of the oldest uses of solar energy. This often involves spreading the produce out on

the ground and exposing it to the sun during the day and covering it at night to protect it from

rain, dust, and other dangers.



The major shortcomings with this traditional open-air sun drying method are: -

Product quality cannot be controlled since there is no control of the drying
temperatures.
There are high chances of infestation by insects.
High losses due to scavenging animals, birds, and rodents- about 10-15% of the
crop.
Contamination by dirt, and birds and rodents droppings.
High chances of rewetting due to rain.
The drying process is slow, tedious, and incomplete.
Requires constant supervision.

«* Continued rewetting and drying in variable weather conditions may cause cracking

in kernels and reduced chances of germination.

In order to adequately dry a material, it is first necessary to know the initial moisture content
of the material to be dried and the desired moisture content of the final product. For instant
cereal grains and grain legumes need to be dried from an initial moisture content of about
30% at harvest to a level of 12%, while leafy green vegetables, tomatoes, fruits, fish, and
meat have an initial _moisture content of about 60-80%, which must be reduced to the range of

|
10-25% [2].

Drying rates are controlled by the rate at which: -
Heat is applied to the product.
The product’s internal moisture is reduced from its surface.

Moist air is removed from the area surrounding the product.



Varying the air temperature and humidity controls the drying rate; and since, insolation levels
can vary widely, solar driers must be carefully designed. Since warm dry air can only absorb
so much moisture at one time, unless the air is frequently replaced, it becomes saturated and

the drying process slows or stops altogether.

in general, solar air driers dry crops more slowly than conventional oil-fired hot air systems
since the drying process is carried out using low temperatures and high air flow rates,
whereas conventional systems use relatively high temperatures and low air flow rates. Rapid
drying rates are often inappropriate for crops such as rice, which are dried to best effect when

subjected to slower drying rates which are usually obtained with solar driers.

Controlled drying in specially designed driers produces much better quality products with
greatly reduced losses. In controlled solar driers, air is heated in a solar collector and then
ducted through to the drying chamber, where the material to be dried is situated. This

preserves the quality of the material from deterioration.

Some of the crops that can be dried by using a solar collector incorporated into a drier
include: - Cereals (maize, beans and groundnuts), Leafy green vegetables, Tobacco, Coffee,
Tea and Cacao. Most of these crops require dry warm air at moderate temperatures in the
range 50-70°C which are attainable in flat-plate collectors. For instance, a maximum grain
temperature of 40°C is usually recommended for drying grain for seed (more than this will
kill the germ in most grains), while grains for milling require temperatures below 60°C to
avoid decrease in separation (mill ability). Therefore since these temperatures are attainable
in flat-plate solar collectors, there is a need to emphasize their use and improvement in

efficiency [3].



1.2: FLAT-PLATE SOLAR AIR HEATERS (COLLECTORYS).
Solar energy is converted into thermal energy by use of solar collectors, which make use of
the greenhouse effect. The thermal solar collection systems fall into two broad categories: -

1 Concentrating collectors and,

2. Flat-plate collectors.

Concentrating collectors collect the sun’s rays from a relatively large area and focus them on
a point. The collector makes use of parabolic (bowl-shaped) mirrors that can create extremely
high temperatures (over 1000°C) which can be used to generate steam. The concentrating
collectors require precisely constructed surfaces and a tracking device to follow the sun
across the sky during the day. Due to this, they are relatively expensive and need much
maintenance. In drying, there are rare cases of the need for very high temperatures, hence the

concentrating collector do not have much applications.

The flat-plate collector requires no tracking device to capture the sun’s energy and, absorbs

energy directly from the sun as well as indirect or diffuse radiation. They are capable of

providing air temperatures up to 65-93°C and are relatively simple to build [4], There are

many different designs for flat-plate collectors, but they all have two common characteristics;
1 A flat plate to absorb energy from the sun.

2. A circulating medium to pick heat up from the plate and transport it to storage or

the point of use. The two media most commonly used for absorbing and

transferring the heat are air and water.



Air for drying grains can be heated by passing it through a solar air collector. The use of a
solar air heater is appropriate since, most parts of Kenya have plenty of sunshine during

harvesting seasons.

The flat-plate solar collector for heating air is simply a box insulated at the bottom and sides,
with one or more transparent covers made of glass or plastic in order to minimize heat loss to
the surroundings. However, more than two covers are discouraged to eliminate shading
effects. An absorber plate is positioned below the covers which in most cases is painted black
and under it is a back plate. Between the glass covers, the absorber plate and the back plate
are insulation air gaps or flow channels depending on the nature of the collector design and
the purposed application of the heated air.For a two cover flat-plate collector, when solar
irradiation strikes the outer cover, it may be transmitted, reflected or absorbed. For a
transparent cover, most of irradiation will be transmitted. The transmitted energy is incident
on the second cover where, it is mostly transmitted to the absorber plate. The absorber plate

heats up; thereby transferring heat to the air flowing over it.

Figures 1.1, 1.2, 1.3, and 1.4 (page 12) show the various modes in which air can be made to

pass through a two cover solar collector- as explained below;

» Figure 1.1 shows the single pass mode in which air passes between the absorber plate
and the back plate.
» Figure 1.2 shows the double (top first) pass mode in which the air passes between the

two covers in the first pass and then between the absorber plate and back plate in the

second pass.



» Figure 1.3 shows the double (middle first) pass mode in which air passes between the
lower cover and the absorber plate in the first pass and then between the absorber
plate and the back plate in the second pass.

» Figure 1.4 shows the triple pass mode in which air passes between the two covers in
the first pass, between the lower cover and absorber plate in the second pass and then

between the absorber plate and the back plate in the third pass.

Most of the research previously done has been based on steady state conditions and has
concentrated on determining collector efficiency, effects of parameters such as: mass flow
rate, solar insolation, collector dimensions and components on the collector performance. The
relation equations were based on steady state conditions, which is not normally the case in

varying weather conditions [4, 5, 6].

For instance, the criterion generally used to compare the performance of solar collectors is
efficiency which is the fraction of the incoming solar radiation that is transferred to the
flowing air, and assumes the existence of steady weather conditions. Also most of the
relations and equations describing the performance of solar air heaters have been arrived at
by assuming the existence of steady state conditions which are not experienced in reality

because of changing weather conditions [7].

The major problem experienced with solar dryers is their unreliable performance since their

operation depends largely on local weather conditions that in turn mostly affect the quality of

the dried product.

10



This thesis has attempted to provide a method of predicting the thermal performance of solar
air heaters operating under transient varying conditions. This will assist in determining the
most optimal system both technically and economically. The prediction method took into
account the time varying and weather changing processes of the system. It involves the use of
theoretical approaches in analyzing the collectors operating in the four modes, together with
the use of simple and easily measurable system and environmental data such as insolation,
ambient temperature, and wind velocity. The validity of this prediction method was checked
using the results of a series of experiments done on the collector operating on the four modes

of pass.

1.3: OBJECTIVES.
The objectives of this study were to:

1 Develop a theoretical model based on the steady state works of Korir[4] and Luti[6]
and, the transient work of Kabeel[17} to predict the performance of solar air heaters
operating under transient conditions for the four modes of flow;

2. Use the results of a series of experiments to check the validity of the theoretical

model
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Figure. 1.1. Single pass mode.
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Figure. 1.2. Double (Top first) pass mode

Figure. 1.3. Double (middle first) pass mode.
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Figure. 1.4. Triple pass mode.
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CHAPTER 2: LITERATURE REVIEW

Satcunanathan and Deonarine [8] did some experimental work aimed at reducing the losses
from the top glass cover of a simple two-glass cover air heater. In this, a unit was constructed
in which there was provision for the air to pass between the glass panes before passing
through the blackened metal collector, double (top first) pass mode (figure 1.2). It was found
that, the outer glass cover temperatures under these conditions were significantly much near
atmospheric temperatures (differed by 4 to 10° C over the day) compared to those when the
collector was operated in the conventional single-pass mode (figure 1.1). Consequently,
efficiencies of the order 10- 15 per cent higher were obtained. The behaviour of the heater
efficiency, heat collected and rise in air temperature were studied as functions of time, with
the time starting at solar noon and steady state conditions assumed. The results indicated that
the solar collector thermal performance is a function of the solar time of day. This work
concentrated on performance of a two-pass mode solar air heater, which was purely
experimental. They found that it had a significant improvement on the performance of the

collector at no increased cost.

Ezeike [9] developed and tested the performance of a triple-pass solar collector (figure 1.4)
which was incorporated on a dryer system. In the test collector, the air flowed in the opposite
direction to the one shown in figure 1.4. The collector had two absorber plates and one glass
cover. Solar insolations and temperature distributions inside the collector were measured at
30-min intervals. Outlet air temperatures in the range of 90-100°C on clear days and at air
velocities of up to 3.5 m/s were achieved with efficiencies of 73-81%. These were attributed
to the minimized heat losses to the environment, as a result of the air flow pattern in the

collector. From the performance curves obtained, it was clear that the thermal performance of
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the collector depended on the time of the day, but there was neither mention of such nor

theoretical analysis to explain the relations.

Wijeysundera [10] developed heat transfer models based on steady state conditions for two-
pass flow arrangements (figures 1.2 and 1.3) and compared them with the performance of the
conventional single-pass design (figurel.1). The computer models were validated with
experimental data from a series of collector testing experiments. Design curves for the two-
pass systems over a range of variables were presented, which were aimed at providing
optimum design conditions for such collectors. Also the model was used to predict the
collector efficiency and the fluid temperature rise. The experimental data were obtained by
averaging over 15 minute intervals with some intervals having intermittent cloudy periods.
Also the experiment was set for a constant value inlet air temperature that was difficult to
maintain. Hence the models can not be used for collector performance prediction under
transient conditions, because it concentrated mostly on the collector parameters without

giving attention to the changing weather condition.

Persad and Satcunanathan [11] developed steady state analytical models for the performance
prediction of a two-glass cover solar air heater operated in both the single-pass (figure 1.1)
and double-pass modes (figures 1.2 and 1.3). Their work concentrated on the comparison of
the performance of the collector for different operating and design parameters such as; air
inlet temperature, length of the collector and, plate spacing. The model yielded closed-form
solutions for the temperature profiles of the glass covers, plates and air streams. The resulting
equations could be solved by numerical methods, which required boundary conditions or by
use of analytical methods. In the analysis, the effects of the thermal capacitance of the

collector components were not considered since steady state conditions were assumed. Again
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the analysis was based on a typical clear day, which is not normally the case in use of solar
air heaters. Although it was found that the two-pass modes were superior to the single-pass

mode of operation, the modes were not compared based on transient conditions.

Ramijattan [16] designed, tested and described the performance of single (figure 1.1), double
(figures 1.2 and 1.3) and triple (figure 1.4) pass modes air heaters. The testing was done for
several operating parameters and the performances compared. Theoretical analysis for the
heat balances on the components was done based on steady state conditions. The component
temperatures were expressed as functions of the heat transfer coefficients, and then the heat
gain solution obtained. The solutions were obtained based on the assumption that the heat
transfer coefficients are independent of the component temperatures which is not the case,

since they vary with temperature.

Elsewhere, Satcunanathan and Persad [12] had simultaneous testing of three identical
collectors operating in the single-pass (figure 1.1), two-pass (top first) (figure 1.2), and three-
pass (figure 1.4) modes in ambient conditions. They concentrated on the nature of
performance for a range of mass flow rates. The collectors used consisted of two glass
covers, an absorber plate, a rear plate, rear and side insulation, and an outer casing. The
component temperatures were measured at appropriate points by copper-constantan
thermocouples connected to a 24-point Honeywell strip chart recorder. The experiment
generated plots of heat collected, collector efficiency, and air temperature rise against time of
the day. Satcunanathan and Persad [12] noted that further experimental or analytical studies
were needed to draw conclusive evidence in order to know the best mode of pass to operate
flat-plate collectors. There was no computational or analytical model that could help predict

the performance of the collectors.
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Luti [6] used a model to extensively predict the performance of the two glass cover solar air
heater operating in the single (figure 1.1) and double pass (figures 1.2 and 1.3) modes. It was
revealed that some conclusions arrived at previously were not of a general nature as the
parameter ranges were not wide enough. More extensive ‘design curves’ were presented and
it was deduced from the curves that, it was possible to delineate which parameters and their
ranges are critical and should be paid special attention in laboratory modeling. The method
used for the model was same as that of Satcunanathan and Persad [12], yielding closed form
solutions. The net solar radiation method was used to calculate the solar radiation absorbed
by the glass covers and the absorber plate. The ambient air velocity was assumed to be zero
while the ambient air and inlet air temperatures were taken as fixed parameters. Although a

wider range of parameters were used, the analysis was for quasi-steady state conditions.

Maclennan [14] determined the effects of changing the input parameters on the efficiency for
various solar air heaters. This involved a computer simulation model that used various mass
flow rates and input temperatures. There was consideration of laminar flow for all the
passages of the heater. An iterative procedure was used to solve the computer simulation
model with the heat transfer coefficients set as the convergence criterion. This analysis

assumed that, the system was in steady state conditions, and constant wind velocity prevailed.

Duffie and Beckman [15] describe the work of Hotel and Woertz as the first attempt to
analyze a solar collector on single pass mode. They analyzed a water solar heater, which had
a blackened-metal as the absorbing surface. Above and parallel to the absorbing surface were
three sheets of high quality glass. Their model was based on an overall energy balance on the
absorbing surface. The energy influx was the solar energy incident on the collector’s surface

that was transmitted through the glass plates and absorbed by the absorbing surface. The
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thermal losses were categorized as top losses, back losses and heat capacity losses. The
prediction of the top losses was simplified by the introduction of the concept of the top loss
coefficient, which was based on the mean top plate temperature. Calculation of this
coefficient was done using an empirical formula. The effects of dust and dirt on the collector,
and the shading of the absorbing surface by the collector sidewalls and cover supports were
included in the empirical model. The effect of the side losses and the solar energy absorbed
by the glass covers on the performance of the collector were not considered, this could have

significant effects on the predicted values.

Duffie and Beckman [15} noted that the model of Hotel and Woertz was improved by
Whillier, who introduced the concept of the effective transmittance-absorptance product to
account for the energy absorbed by the glass covers. Whillier derivation of the collector
efficiency factor for overlapped-glass plate collector had numerous assumptions and hence,

over-simplified to accurately predict the performance of the collector.

Bliss presented the derivation of the collector efficiency factors for several collector designs
not considered by Whillier from fundamental heat transfer concepts. He noted that his results
were in agreement with those of Whillier, Hottel and Woertz, but that his analysis was more
refined in that he included the effects of atmospheric radiation. As Duffie and Beckman [15]

describes.

Buchberg and Roulet presented a model for a solar water heater. Their model was based on
I

the assumptions that the temperature of the glass cover and the absorbing plate were uniform

and that the temperature rise of the water in any channel was linear and steady state. The

equations of this model included the solar energy absorbed by the glass cover, and were
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solved for the thermal efficiency of the collector in terms of the non-linear thermal
resistances of the collector’s thermal network and the solar energy absorbed by the glass
cover and absorber plates, which yielded a closed form solution for the efficiency of the

collector. As Duffie and Beckman [15] describes.

Selcuk analyzed the overlapped-glass plate solar air heater for the purposes of optimizing the
design features of the collector under steady state conditions. His solution was a numerical
one, the procedure being to divide each section of the collector into ten subdivisions.
Comparisons of the experimental and theoretical results showed good agreement at high flow
rates and poor agreements at low flow rates. He concluded that for low flow rates, free
convection effects are important and thus the flow regime is one of mixed flow. However, he
noted that no heat transfer coefficients for this flow regime existed and hence the use of the
forced convection heat transfer coefficient led to the observed discrepancy between the

theoretical and experimental results. As described by Duffie and Beckman [15].

Klein investigated the heat capacity effects of a sheet and tube type solar water heater using
three different models. The first, a quasi-steady-state model, where he simulated the
performance of a collector of zero capacitance. The second model accounted for capacitance
effects by assuming that a single value of thermal capacitance can be determined for the
collector as a unit. The third model, a quasi-steady-state divided the collector into many
isothermal segments or nodes. He noted that the time constant of all the nodes of a multi-
node model were of the order of a few minutes. He then concluded that since, in general, the
best meteorological data available are in hours, using this data, no collector model, regardless
of its complexity, would be capable of predicting the transient response of the collector. He

further concluded that a one-node model is as complex a model as is needed to predict the
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performance of a flat-plate solar collector based on hourly meteorological data and that the
zero capacitance model provided almost as good prediction as the one-node model with less
computational effort. He further concluded that, the use of more complex models cannot be
justified when adequate meteorological data are not available. This calls for a model that can

work with minimum meteorological data. As Duffie and Beckman [15] describes.

Ramsay and Schmidt presented a numerical model for a solar water heater. Their model,
which accounted for non-uniform temperature distributions and transient conditions, was
developed by dividing the collector into a number of physical elements or nodes. They noted
that, for steady-state conditions, the performance of the collector predicted by their model
was in good agreement with that predicted by the Hottel-Whillier and Bliss (HWB) model, no
model was provided for solar air heaters under transient conditions. As described by Duffie

and Beckman [15}.

Wijeysundera presented a model for predicting the transient behaviour of a single cover solar
air heater operating on the single pass mode (figure 1.1). His model was based on lumped
formulation and the resulting non-linear coupled partial differential equations were
linearized. He found that the response time of the collector increased with the thickness of the
cover material and the absorber plate, and decreased with decreasing plate emissivity. Also,
higher absorber operating temperatures and lower collector efficiencies resulted in larger
response times while, within operating limits, the extinction coefficient of the cover material
and the insulation heat losses did not affect the response time significantly. As Duffie and

Beckman [15] describes.
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Caouris et al presented the first analysis of a multi-pass collector. In this work the collector
consisted of a series of parallel plates, which were transparent in the visible and near infrared
part of the spectrum and had small thermal conductivities. The last plate, which was painted
black, absorbed the solar radiation. The working fluid that was a liquid had a high
transmittance in the visible and near infrared part of the spectrum and nearly zero
transmittance at longer wavelengths. They presented a theoretical analysis for a collector of
multi-glass covers. The model was a simplified one, for it was assumed that the fluid
temperature in every pass varied in a linear manner with the spatial coordinate in the
direction of flow. The equations resulting from this analysis were solved numerically. As

described by Duffle and Beckman [15].

Persad [2], developed a generalized analysis for the prediction of the performance of flat-
plate solar collectors, this was done by postulating a generalized multi-pass solar air heater
under steady state conditions and deriving a mathematical model for it. The model was
shown to be capable of representing any multi-pass solar air heater design. This model
yielded closed form solutions for the temperature distributions of the plates and air streams.
The model was also capable of predicting the performance of multi-pass solar air heaters
when both the hydrodynamic and thermal boundary layers merge within the flow channels
and also when neither the hydrodynamic nor thermal boundary layers merge within the flow
channels. A generalized method based on the model developed was presented for the
determination of the effective transmittance-absorptance product, the overall loss coefficient
and the collector efficiency factor for single pass solar air heaters. It was shown that the
generalized performance equation developed for multi-pass solar air heaters is the
generalized performance equation for flat-plate solar collectors and can predict the

performance of other collector types and the effect of various parameters on the performance
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of flat-plate solar collectors. The developed model was tested by predicting the performance
of a two-glass cover solar air heater when operated in both the single-pass (figure 1.1) and
two-pass (top first) modes of operation. This indicated that the two-pass mode of operation
led to improved collector performance. Although the developed equation gave comparable
results to the HWB model, it was developed based on steady-state mode of operation and

conditions.

Korir [4], presented expressions for predicting steady state performance of solar air heaters
operating in four modes as shown in figures 1.1, 1.2, 13, and 1.4. The expressions were
derived and solved using a computer program and, validated by use of results from a series of
experiments. It was found that the four modes differed in their performance over the range of
parameters considered. The triple pass mode gave the best performance followed by the
double pass modes. The single pass mode was found to give the most inferior performance as
compared to other modes. The superior performance of the triple pass mode as compared to
other modes was attributed tola lower top c(((Jver temperature, which meant a lower heat loss
to the surroundings. In this work, steady state conditions were taken at intervals of 15

minutes, effects of change in weather conditions within the 15 minutes were neglected.

Luti [6] analyzed Korir’s experimental data of the comparative performance of double glazed
solar air heaters operating in the single pass, double passes, and triple pass modes, as in
figures 1.1,1.2,1.3,and 14. The four heaters used were tested side by side and were of
identical construction. The collectors were of fixed effective width and length of 0.9m and
1,5m respectively with the stationary air gaps fixed at 40mm. Air was blown into the heaters
rather than being sucked, since air emerging from the collectors exceeded the maximum

permissible temperature of the fans. The experiment was conducted for three mass flow rates
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of O.fXMKgs'l 0.0081Kgs'], and 0.0121Kgs | and three flow channel heights of 10mm,
20mm, and 30mm. The experimental results of interest were air temperature rise, solar
insolation and collector efficiency, as functions of solar time for a given mass flow rate. The
data was averaged over 30 minute intervals. For high temperature production, the triple pass
mode was found to be far superior to the other modes when operating at a flow channel
height of 10mm. For normal insolation, temperature rises of over 100°C were achieved at
reasonable efficiencies. The magnitude of the temperature rise could be controlled by
regulating the mass flow rate. In discussing the results, when the insolation was compared to
the air temperature rises, it was apparent that there was a time lag between the two. This
obviously suggested that the use of steady state models to predict solar collector performance
cannot yield good agreement with observation, except in the rare (and hence unimportant)

cases when prolonged nearly constant insolation periods prevail.

Simonson [3] gives a transient analysis of flat-plate collectors. He takes into consideration
that, solar irradiance may be subjected to very rapid transients as well as diurnal and seasonal
variations. A solar collector has a very small time constant, and consequently a rapid
response to changes in solar irradiance. Two approaches have been considered in handling
the transient problem, one is an analytical method and the other is a simple finite-difference

scheme based on a transient heat-exchanger.

In the analytical approach, a single-glass-cover collector was considered, and divided into
two main thermal components. The first being the absorber plate, back-insulation, and the
fluid contained in the channels, which formed a combined thermal capacity. The second was
the transparent cover with its own thermal capacity. Energy balances were done on the two

thermal capacities with an assumption of uniform absorber plate and cover plate temperatures
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during the considered transient period. A simplification in the solution of the two equations
obtained was made by assuming that at any given time the loss between the absorber plate
and the surroundings is proportional to the loss between the cover and the surroundings. This
led to the assumption that, steady-state conditions are existing for the temperatures attained at
any particular instant, but this is least likely to be so at the beginning and end of any given
transient. The edges and back losses were neglected and the ambient temperature assumed to
be constant. The derived equation could be solved for given input values for solar insolation
and ambient temperature to give a value for the future absorber plate temperature. This was a
purely theoretical analysis of single-glass-cover collector and there was no experimental data

to validate the expression.

The finite-difference approach method is easily applicable to collectors with one or more
covers, and is suitable for a simple computer program. Also it can be used to study the
performance over periods of a few hours or a day under varying input conditions. Here the
absorber plate and the insulation are considered as a single element at a common initial
temperature and in thermal contact with the fluid flowing through the collector. Then the
covers are considered such that each is a separate element. Finally separate energy balance
equations are written for each element and the future component temperatures solved using a
forward time step. The set of equations considered gave a maximum time step of around 80-
100 seconds with a permissible smaller time step of 60 seconds considered to be convenient.
The prediction expression has no experimental validation and, depended on data obtained
under steady-state conditions recorded on hourly basis. It was found that the transient
program calculated a smaller total solar gain for the day than does the hourly steady-state
procedure. This indicated that, if the transient effects are neglected, the steady-state

procedures could result in overestimates of the solar gain. As Simson [3] describes.
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Kabeel and Mecarik [17] constructed two solar air heaters, one with longitudinal fins
absorber and the other with a triangular absorber plate. The area of the first collector was
equal to 1.66 that of the second. This work involved studying the numerical model and
computer program for the two types of solar air heaters. The temperatures at different points
on the solar air collector, useful heat gain, collector efficiency, and all collector parameters
were calculated. A comparison between the theoretical and experimental analysis was made.
The theoretical model depended on the energy balance equation for each part of the solar air
heater. It was assumed that the flow is one dimensional, unsteady state conditions prevail,
flow is incompressible, properties of air are constant, viscous dissipation is negligible, and
back and side losses are negligible. The two air heaters had the same main shape, dimensions
and construction. For the longitudinal fm collector, the distance between the fins was 0.05m
with a height of 0.05m. While the triangular cross section shaped absorber plate had an angle
of 60° with a triangular height of 0.05m. The theoretical model indicated that the collector
component temperatures increased with the length at different times from morning till solar
noon for a mass flow rate of O.00Skgs'l For the triangular absorber solar air heater, the
absorber plate temperature reached a maximum of 158°C with a mass flow rate of 0.005kgs ',
while it reached a maximum of 112°C for the longitudinal fin absorber with a mass flow rate
of 0.02kgs'. A comparison of both the theoretical and experimental results indicated that the
triangular absorber plate collector was superior to the longitudinal fins absorber collector.
This analysis considered two parallel flow channels, which are located above and below the
absorbing surface, through which air was silmultaneously passed, the direction of air in each
channel being the same. There was no consideration of multi-pass collectors with the air
flowing in one channel at a time; hence there is a need to examine the collector behaviour for

this case under transient conditions.
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Solar flat-plate collectors are normally tested under steady state or quasi-steady conditions. It
takes long time to test a collector in view of the stringent requirements of steady state
methods. Due to this, transient test methods have been developed to circumvent the
difficulties associated with steady state tests. Based on these methods experimental tests
could be conducted round the year and under highly variable weather conditions. Amer’s et al
[18] reviewed the existing transient methods and classified them into six groups according to
their approach methods. Further the methods were assessed and their limitations pointed out.
The groupings are identified as: indoors methods, multi-node methods, response function

methods, multi-test methods, and unvalidated methods.

Munroe [19] conducted an indoor test using a simulation model. The test was performed in
front of an artificial sun. A single lumped capacitance for the collector was assumed, and it
was referenced to the mean temperature of the fluid. During the test, the collector was
connected to a storage tank and temperature, mass flow rate, and solar insolation
measurements taken every minute. An expression for the instantaneous efficiency was
obtained, and a linear graph plotted from which the values of the overall heat transfer
coefficient and the collector transmittance-absorptance product could be obtained. This test
was not based on the natural weather conditions and also it considered a single lumped

capacitance, which might be not good enough to compare with practical situations.

Souproun [20] proposed an indoor method based mainly on the analysis of a single
experimental heating and cooling curve. The method required long heating hours, for instance
about 90 minutes for the heat transfer fluid to exceed a temperature of 60°C, if the test is
performed outdoors; hence the method is suitable for indoor tests where a solar simulator is

used. Analyzing the curves, helped to calculate the heat losses and the thermal efficiency of
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the collector as functions of the ratio between heating and cooling times elapsed to cause a
temperature change between certain levels. This being an indoor test method is costly and
requires long hours for outdoor test under steady state conditions. Also it is difficult to have a

realistic simulation of the actual sky temperature in the indoor environment.

Arronovitch [21] proposed a simple test method that simply adds the thermal capacity of the
collector to the steady state energy balance. In his approach, he defined efficiency as the ratio
of the sum of the stored and carried away energies to the incident energy. It was suggested
that, during the test, the inlet temperature need not be measured. A limitation to this method

was that, it can only be applied to slowly varying insolation.

Perers [22] described a simple method for collector array testing. The model characterizes the
thermal power output of a collector using one-node capacitance to include the dynamic
effects and separate incidence angle modifiers for direct and diffuse radiation. A continuous
flow was applied in the collector loop during the test and data for the whole day recorded
with a sampling interval of 6 seconds. Applying multiple regression routines to the

experimental measurements identified the collector performance parameters.

Hawlader and Wijeysundera [23] extended the single flow technique of testing of heat
exchangers to test solar collectors. A two region mathematical model was developed in which
the cover capacitance was lumped with the absorber plate as region while the fluid was
treated as a separate region. The model was solved analytically using Laplace transforms
technique for plate and fluid temperatures. The test was conducted in a place where the
collector was not exposed to the sun. Temperatures measured were, fluid inlet and outlet, and

absorber plate mid-point. The experiment was repeated at different flow rates and inlet
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temperatures. The model required a guess of the collector parameters in order to find a best
fit for the experimental measurements with theoretical calculations. This method did not
provide any information about collector optical efficiency and, required measurements of
absorber plate temperature that is not always practicable. Further, the fluid outlet temperature

estimated from the model differed substantially from the experimental measurements.

Kamminga [24] developed a 3-node mathematical model (cover, plate, and fluid) to describe
the transient behaviour of collectors. Relations for the collector characteristics were obtained
using Fourier transformations. The collector parameters were found using least square
analysis to experimental measurements. The model has a limitation due to the instability of
data processing; hence only a limited range of time interval and Fourier variables lead to
appropriate regression coefficients. Also the results from different time intervals indicated a

large scatter.

Amer’s et al [18] reviewed the work of Spirkl [59] which involved developing a dynamic
parameter identification method for testing flat-plate solar collectors under non-stationary
conditions. The method involved;
1 Estimation of the residual difference between the measured and the predicted
collector output.
2. Low pass filtering of this difference to minimize the impact of transient modeling
and measurement errors that cancel within a short time while retaining a
maximum amount of information.

3. A least squares technique to minimize the resultant residual.
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According to the model, the dynamic behaviour of the collector was characterized by a
thermal capacity which lumped together the fluid content and the collector thermal mass. The
collector was divided into two segments in the flow direction, each segment being treated as a
separate node. Measurements were made for several days at constant mass flow rate and
variable fluid inlet temperature and solar radiation. To predict the collector output, an initial
guess for the collector parameters had to be made. Muschaweek and Spirkl validated this
model for a flat plate collector. They found that the theoretical prediction of the fluid outlet
temperature was close to experimental measurements within 0.2K. A limitation to this model

is its inconsistence thermal capacitance of the collector. As Amer’s et al [18] describes.

Saunier and Chungpaibulpatana [25] developed a model which considers one-node
capacitance and assumes a quadratic function (in temperature difference, AT) for collector
heat losses. On the basis of this model, a itransient method was proposed to test flat-plate
collectors under zero efficiency conditions. The method required two tests;
1 A night test when the collector is subjected to several heating and cooling cycles
each about 1.5 hours.

2. A day test when the collector is exposed to prevailing environmental conditions.

Measurements of solar radiation, fluid and ambient temperatures, and power consumption

were taken every minute. The collector performance parameters were determined using

multiple regression analysis to experimental measurements. This was a good method since
- i, v |

there were no measurements of mass flow rate and temperature rise across the collector, but it

requires a long inconvenient night time test.
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Rogers [26] outlined a response function method employing a test approach and a set-up
similar to those of steady methods. The British Standard Institution has adopted the method
as a standard for collector testing under transient conditions (BS6757; 1986). The model
assumed that the thermal output of a collector during any time is the sum of the fractions of
energy gained during that time interval and a few preceding intervals. These fractions are the
coefficients of the impulse response function of the collector which characterizes its dynamic
response to weather variations. Experiments were held at 4 different fluid inlet temperatures
evenly spread over the operating range of the collector. The experimental data were averaged
over one minute. For every inlet temperature, 60 records of average values for the measured
parameters have to be made. Collector parameters as well as the response function
coefficients were determined using Linear Least Square regression method. The results of
this method are lower than steady state results. Limitations for this method are:

1 The method leads to handling of large sets of data and enormous off-line

computations are needed.
2. The response function is obtained indirectly.

3. Stringent control of fluid flow rate and inlet temperature is required.

Wang et al [27] suggested that a modified one-node model in the form of equation (2.1) could

describe the performance of solar collectors under transient conditions.

SS, A5=-+(S,+S)" +q,-F, (xa)l,-F,UL(T,-T.) 21

Where,

S2= 0 refers to First Order model.
The time constants Si and S2 are obtained from a separate shielding test and are used to
construct the response function.

Fr = the heat removal factor (as defined by Duffie and Beckman [15]).
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Linear Least Square analysis was used to identify collector parameters. The method yields

results similar to those obtained when using Rogers’s method.

Frid [28] developed two-node and three-node collector models. The exact solutions of the
models were also obtained. The solutions gave the collector useful heat as functions of its
parameters and other response functions. Regression analysis was suggested to find collector
parameters and response function elements. So far, an experimental study has not been

carried out to justify the cumbersome analytic solution.

Up to this point, it is clear that there is a need for models of collectorls performances based on
transient conditions since the flat-plate solar air heaters will nearly always operate under
transient conditions. This model will help in giving accurate predictions concerning the
collectors and through this the installation of solar collectors will be cost effective since there
will be no overestimates or underestimates. Also given the fact that, the insolation fluctuates
with time; the transient models will be able to predict the air outlet temperatures for specified

] t
insolation levels.

From the foregoing literature, it can be observed that:
1 No comprehensive analysis has been done on the performance of the two glass
cover multi-pass solar air heaters operating under transient conditions.
2. Not enough experimental data has been given to validate or back the theoretical
models for transient conditions.
3. There are no prediction models for flat plate solar air heaters for transient

conditions.

rc i
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CHAPTER 3: RELATED THEORY

3.1: SOLAR RADIATION.

The sun is one of a vast number of stars within the Milky Way Galaxy and it contains over 99
per cent of the matter within the solar system. It is a sphere of intensely hot gaseous matter
with a diameter of 1.39 X I0’m and is, on the average, 1.5 X10nm from the earth. The sun

has an effective surface temperature of approximately 5760K. and emits radiant energy at the

rate of 380 X10155W.

The earth travels round the sun in 365 days with the axis of rotation of the earth at an angle

of 23.45° to the plane of rotation around the sun, which results in seasonal changes in the
illumination of the earth. In addition the path of the earth around the sun is slightly elliptical,
so that the intensity of solar radiation outside the earth’s atmosphere, the solar constant,
varies slightly throughout the year. The value of the solar constant, Gsc, is estimated to be

1353W/m2[15].

3.1.1: Extraterrestrial radiation on horizontal surface.
Most radiation calculations are conveniently done using normalized radiation levels, that is,
the ratio of radiation level to the maximum possible radiation that would be available if there

were no atmosphere.

At any point in time, the solar radiation outside the atmosphere, GO, incident on a horizontal

plane is,

(3.1)
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3.2: CALCULATION OF INCIDENT RADIATION.
To predict solar performance, past measurements of solar radiation at the location in question
or from a nearby similar location are used. The following terms are involved;

1. Solar or short-wave radiation: These is radiation originating from the sun in

the wavelength range of 0.3 to 3.0pm, includes both beam and diffuse

components.
2. Long-wave radiation. This is radiation originating from sources at temperatures near

ordinary ambient temperatures and thus substantially all of wavelengths greater than

3.0pm. Can be emitted by the atmosphere, by a collector, or by any other body at

ordinary temperatures.

Calculation of incident solar radiation depends on the available solar radiation data which can
be obtained by use of either a Pyrheliometer (measures only beam radiation) or a

Pyranometer (Solarimeter) - measures total radiation.

The data recorded must include total and diffuse irradiation on a horizontal surface, with their

difference being equal to the beam radiation.

The angle 0 is continually changing, but since 8 is taken to be constant for any particular day

and uv>is assumed to be constant at the mid of every hour, the value of 0 may be considered

constant for a given hour and then used with irradiation values of I, rather than irradiance

values of G.
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Ib= 1bdCOS0z

Figure 3.1: Beam radiation

Where, Ib=component normal to the surface

The magnitude of the sun’s direct beam component Ibd is related to the beam component

normal on a horizontal surface by [15],

Ib= Ibd cos 0Z (3.2)

Where 0Z is the zenith angle.

For an inclined surface at angle p to the horizontal, the beam component normal to the

collector surface Ibnis given as,

Ibn= I1bdCOS 0 (3.3)

Where, o is the sun’s zenith angle, for an inclined surface at angle p.

An inclined surface will receive diffuse radiation from the sky plus reflected radiation

from the ground. A simple approach that was used by Liu and Jordan [29] is to

I+cos
assume isotropic diffuse sky radiation, and use a view factor o f----------- so that the

diffuse sky radiation reaching a flat inclined surface, Id, may be obtained by,

, _0+CosP)
1d ~ (3.4)

For an inclined flat surface of infinite extent the view factor for reflection from the ground

. (1-cosP) I . :
iIs— --—-, so that ground reflected contribution on the inclined surface, 1~ | is;
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(1-cosP)
g

1, = (W P (3.9)

Where pd is the ground reflectivity. (The ground will reflect both beam and diffuse

radiations). Total incident irradiation on the inclined surface in the hour is therefore,

1+cosP (I-cosp)
Ir= Rblb+ Id ( ) (Ib+1d) Py, (3.6a)
Where,
Ih, _ oS0 (3.6b)
IK  cosG,

p is usually taken as 0.2 for ground not covered by snow, and 0.7 for a ground covered with

fresh snow.
For a horizontal surface p=0, hence Rb=I (since 0= 02 and there will be no ground reflection,

thus total irradiation on a horizontal surface in the hour is,

In= b+ Id- (3-7)

As solar radiation penetrates the atmosphere, it is depleted by absorption and scattering. Not
all of the scattered radiation is lost since part of it eventually arrives at the surface of the earth
in the form of diffuse radiation. Liu and Jordan [29] gave the assumption that, the diffuse
radiation received on a horizontal surface is half of the solar radiation scattered by the

atmospheric constituents.

Liu and Jordan [29] developed an empirical relationship between the transmission

coefficients for beam and diffuse radiation for clear day:

Td= 0.2710 - 0.2939Th (3.8)
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Where, To=—  or—= s the transmission coefficient for direct solar radiation and
Gy Kj
:I' _Gd orl the transmission coefficient for diffuse radiation on a horizontal
as:| u

surface (ratio of diffuse radiation to extraterrestrial radiation on a horizontal plane).

Further, a relation between the transmission coefficients for total radiation and diffuse

radiation on a horizontal plane was derived [30] as;

Td=0.3840 - 0.4160tt (3.9)

where tt is the ratio of the intensity of total radiation on a horizontal surface to the intensity
of radiation incident upon a horizontal surface on top of the atmosphere

and ttis given by , tt=— (3.10)

At any time the beam radiation on a surface is given by,

Gb= GonThCos9 (3.11)

3.3: HEAT TRANSFER RELATIONS.
Thermal radiation is electromagnetic energy that is propagated through space at the speed of

light. Solar radiation outside the earths’ atmosphere has most of its energy in the range of

wavelength 0.3 to 3.0pm, whereas solar energy received at the ground is substantially in the
H o t;i howisoiit.tl »:irl con @»p.

range of 0.29 to 2.5pm.
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3.3.1: Some Fundamentals of Radiation.

Thermal radiation comprises the ultra violet, visible, and infrared radiation in the wavelength

range of about 0.1 to 100pm. Solar radiation occurs in the range 0.1 to 3.0pm.

All mater at a temperature above absolute zero emits thermal radiation. Energy incident on

the surface of a body may be partly absorbed, partly reflected and partly transmitted.

If the fractions of the incident energy that are absorbed, reflected and transmitted are denoted

asa,p and « respectively, then it must follow that;

a+p+T=1 (3.12)

For opaque materials « = 0 and consequently a + p=1

Absorption takes place at the surface, which results in an increase in temperature. This gains
in internal energy of the cooler regions, or convected away. But some of it is radiated at a

wavelength in amount corresponding to the temperature and the nature of the surface.

For transparent materials, for which o0 < + < 1, absorption will take place throughout the

passage of radiation through the body, and hence the absorptivity will depend on the

thickness.

If, 10, is the incident radiation, the intensity, |, at a depth, t, is given by;
1=loexp(-a.t) (3.13)

Where, a, represents the coefficient of absorption.
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The reflection of radiation at a surface may be either specular or diffuse. Specular reflection
occurs when the angle of reflection is equal to the angle of incidence, such as at the surface of
glass. Diffuse reflection occurs when the reflected radiation is distributed uniformly
throughout the hemispherical enclosure. Highly polished surfaces approach the specular
while rough surfaces approach the diffuse. In the flat-plate solar collector, the transparent

covers are regarded as specular and the absorber plate as diffuse.

A black body is an ideal body for which p= 0 at the surfaceanda = 1

3.3.1.1: Sky Radiation.
To predict the performance of solar collectors, it will be necessary to evaluate the radiation
exchange between a surface and the sky. The sky is considered as a blackbody at some

equivalent sky temperature, Tdy. Thus, the net radiation to the top cover surface is given by,

Q -W C -t.") 314>
There are several relations [15] to relate Ty for clear skies to other measured meteorological
variables. One of the relations relates sky temperature to the local air temperature, Ta, in a

simple relationship, this gives better results compared to the other relations,
Toky= 0.0552T."J (3.15)

Where TSy and Taare in kelvin.

3.3.1.2: Radiation heat transfer coefficient.
To retain the simplicity of linear equations it is convenient to define a radiation heat transfer

coefficient such that the heat radiated is given by,

Q=AhI[T2Ti] (3.16)
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where the heat transfer coefficient hr is be defined by,

< ; Tlip.+Tii (3.7
1+ .1
e, €2

3.3.2: Natural Convection between Parallel Flat Plates at different Temperatures

Free convection heat transfer are usually correlated in terms of three dimensionless
parameters; the Nusselt number, Nu, the Rayleigh number, Ra, and the Prandtl number, Pr.
The ratio of the Rayleigh number to the Prandtl number is known as the Grashof number, Gr,
and is sometimes used.

These numbers are defined as;

- Nusselt number, Nu = M (3.18-2)
nl 3
- Rayleigh number, Ra= —--------- (3.18-b)
va
C
- Prandtl number. Pr= A (3.18-¢)
a k
- Grashof number, Gr= — (3.18-d)
%

Where,
- h = heat transfer coefficient.
- L = plate spacing
- k= thermal conductivity.

- g = gravitational constant

- 01= volumetric coefficient of expansion (for an ideal gas (3= 1/T)

- (= specific heat at constant pressure.
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- AT =temperature difference between plates
- v = kinematic viscosity
- a = thermal diffusivity.

A relationship between the Nusselt number and Rayleigh number for flow over a flat surface

tilted between 0 to 75° is given as, [4, 15]

. \
1708 1_(sml.8P)'61708 N RacosP V
RacosP RacosP ] |_| 5830 J '

Nu= 1+1.44 1- (3.19)

Where the meaning of the + exponent is that only positive values of the terms in the square

brackets are to be used (i.e., use zero if the term is negative). 3 is the tilt angle for the flat

surface [15].

3.3.3: Forced convection heat transfer coefficient.
This is the mode of heat transfer between a surface and the flowing fluid, and makes use of

the Reynolds number, Re.
ﬁ = — 3.20
e y ( )

Where, u = velocity of flow, m/s
L = characteristic dimension, m
The heat transfer coefficient to air that is flowing between parallel plates where one plate

I
only is heated (the absorber plate) may be obtained from a relationship that was

recommended by Duffie and Beckman [15];

h H
Nu= -Sk-i. =0.0158Re°8 (3.21)
for, Re > 2300 and, 0.1 <Pr> 0.7.
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This is for a fully developed turbulent flow.

The local Nusselt number for laminar flow between two flat plates with one side insulated
and the other subjected to a constant heat flux has been obtained by Heaton et al, as noted by

Maclennan [14]. The correlation takes the form,

a Re.Pr—
Nu=Nu +- L]

q (3.22)
I+b| Re.Pr-jj

Where, dh

wetted perimeter
L= length of the plate.
a, b, m, and n are constants as given in table 3.1.

Table. 3.1. Constants for infinite Flat Plate Local Nusselt number.

Prandtl number a b m n
0.7 0.00190 0.00563 171 117
10 0.00041 0.00156 2.12 1.59
@ 0.00021 0.00060 2.24 177
Nu«,= 5.4

3.3.4: Heat transfer due to wind.

Convection will occur from the upper exposed surface of a collector. The underneath surface
of the backing insulation will not be significantly above ambient temperature if this surface is
exposed.

In conditions of wind the convection coefficient is given by a dimensional empirical

correlation developed by Jurges, quoted in [15, 31]:
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h=57+3.8V WraxK (3.23)
where V is the wind velocity in m/s.

The above expression takes into consideration the effects of free convection.

In conditions of no wind, natural convection over the exposed surface occurs, Wong [28]

gives for such conditions;
I/
Nu =0.8(Gr Coscp Pr)® Coscp (3.24)
Pr

where @ is the angle with the vertical.

When the wind speed is very low, free convection conditions may dominate.

3.4: Absorption of Radiation.

The absorption of radiation in a partially transparent medium is described by Bouguer’s law
[15], which is based on the assumption that the absorbed radiation, d I, is proportional to the
local intensity, / , in the medium and the distance the radiation travels in the medium, x;

dI=IKdx. (3.25)

Where K is the proportionality constant, called the extinction coefficient, and is assumed to

be constant in the solar spectrum, for a particular medium.

Integrating along the actual path length in the medium (i.e., from 0 to Wgosq ) yields,

(3.26)

where subscript, &, is a reminder that only absorption losses have been considered.
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For glass, the value of, K,varies from approximately 4m 1 for “water white” glass to

approximately 32m'1for poor (greenish cast of edge) glass.

3.5: Optical Properties of Cover Systems.
The transmittance, reflectance and absorbance of a single cover, allowing for both reflection
and absorption losses, can be determined by ray-tracing techniques.

The transmittance of a single cover is estimated to be,

t = ttTr (3.27-a)
The absorbance of solar collector cover can be approximated as,

a =1-t (3.27-h)
The reflectance of a single cover is then found from,p = 1- a- r so that,

P=tO -t) = t.-t (3.27-c)

For identical multiple covers, the above equations, (3.27-a to 3.27-c) apply equally withr,,

evaluated from equations 3.26, while L is the total cover system thickness.

3.6: THEORY OF FLAT-PLATE COLLECTORS.
A solar collector is a special kind of heat exchanger that transforms solar radiant energy into

heat. For a solar collector, energy transfer is from a distant source of radiant energy to a fluid.

Flat-plate collectors are designed for applications requiring energy delivery at moderate
temperatures, up to perhaps 100°C above ambient temperature. They use both beam and
diffuse solar radiation, and do not track the sun.

The thermal energy obtained in the conversion process is manifesteolI as an enthalpy increase

of the fluid that is flowing through the collector.
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3.6.1: Brief Description of Flat-plate Collector.

The important parts of a two-cover flat-plate solar air heater are shown in figure 3.2.

2 3 4

Fig. 3.2. A two-cover Collector box.
Solar Collector

1 Top glass cover.

2. First glass cover.

3. Absorber plate.

4. Back plate.

5. Insulation.

The absorber plate is a black solar-energy absorbing surface and should have a means of
transferring the absorbed energy to the flowing fluid. While the covers are envelopes;
transparent to solar radiation and, reduce convective and radiative heat losses to the

atmosphere.

3.6.2: Heat-transfer Mechanism in a Flat-plate Collector.

Irradiance is incident on the outer cover, which is mostly transmitted but it is also partially
absorbed and partially reflected. The energy transmitted is incident on the second cover and
again transmitted to the absorber plate depending on angle of incidence. The energy reflected
from the second is partially transmitted back through the first cover. Of the energy
transmitted through both covers some 90 per cent is absorbed by the absorber plate, the
remainder being reflected [16]. The temperature of the absorber plate therefore increases, and
heat transfer from the absorber plate to its immediate surroundings will commence. At the

same time there will be radiation and convection from the upper surface of the plate and
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conduction through the insulation on the reverse side of the plate. The air and plate
temperatures will also increase above the plate in the direction of the airflow. The air is

heated by convection from the plate surface.

The air spaces above the absorber plate and between the covers are sealed. Hence natural
convection will occur between the involved components. Some convection and radiation will
also occur from the outer cover. The convection will depend on wind-velocity, while the

effective sky temperature determines the radiation.

The extent to which high temperatures can be achieved in a flat-plate collector depends on
successful reduction of heat loss. This will depend on adequate back-insulation of the
absorber plate, reflection of long-wave radiation on the inside surfaces of the covers, and

suppression of natural convection between the absorber plate and the first cover.

Energy is removed from the absorber plate by the circulating fluid, where the heat-transfer

process due to forced convection to the flowing air.

3.6.2.1: The Basic Flat-plate Energy Balance Equation.

In steady state, an energy balance that indicates the distribution of incident solar energy into
useful energy gain, thermal losses, and optical losses describes the performance of a solar
collector. The solar radiation absorbed by a collector, S, is equal to the difference between the

incident solar radiation and the optical losses as defined by [55],

(3.28)
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Cd— Conducted heat

RC— Radiation and concvection from absorber plate

AR— Absorption and reradiation from cover

T— Transmission through covers

Nc— Natural convection

P— Tilt angle

Figure 3.3: Diagrammatic section of a flat-plate collector showing an energy balance.

The thermal energy lost from the collector to the surroundings by conduction, convection,
and infrared radiation can be represented by a heat transfer coefficient, U1, times the
difference between the mean absorber plate temperature, Tab, and the ambient temperature,
Ta In steady state the useful energy output of the collector is then the difference between the

absorbed solar radiation and the thermal loss:

Qt= AK[S-U (TIb-T.)] (3.29)
where Ak is the collector area.
The efficiency of collection is the fraction of incident energy on the outer surface of the top
cover that is actually removed by the circulating fluid.
3.6.2.2: Collector heat-removal factor, FR
The heat-removal factor, Fr, is a quantity that relates the actual Lseful energy gain of a

collector to the useful gain if the whole collector were at the fluid inlet temperature.

Mathematically, this quantity is given by [55],
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mc,, (TG TTi) (3.30)

where, Txb = the absorber plate temperature,

Tf;j and Tf,0are fluid inlet and exit temperatures respectively.

The quantity Fr, is equivalent to a conventional heat exchanger effectiveness, which is
defined as the ratio of the actual heat transfer to the maximum possible heat transfer. The
maximum possible useful energy gain (heat transfer) in a solar collector occurs when the

whole collector is at the inlet fluid temperature; heat losses to the surroundings are negligible.

The collector heat removal factor times this maximum possible useful energy gain is equal to

the actual useful energy gain Qu

Qu=AKFR[S-UL(TG-Trt)]. (3.31)

This is an extremely useful equation and applies to most flat-plate collectors and, is generally

known as the Hottel- Whillier- Bliss equation.

3.6.2.3: Collector Efficiency.
The collector efficiency, 77, is defined as the ratio between the useful energy gained by the
flowing air to the solar radiation incident on the surface of the solar collector;

_ _ mep[T,,,-T,] (3.32)

where, Qj is total solar radiation intensity, W/m2



CHAPTER 4: THEORETICAL MODELING.

4.1: INTRODUCTION.

The theoretical models were obtained by considering an energy balance for the heat flow

processes through the collector. The several processes of heat flow considered in the analysis

are convection, radiation and conduction.

To effect the analysis, some working assumptions were made during the modeling process.

Some of the major assumptions that were made are [3, 13, 28]:

1

Unsteady state conditions prevail during the operations of the flat plate solar collector,
meaning that the heat capacity effects cannot be neglected.

Heat flow through the covers and the back insulation will be one-dimensional.

The temperature of the covers and the absorber plate is spatially uniform. This means
that the absorber and cover plate can be represented each as a single node in the flow
direction in the heat transfer models.

The bulk-mean temperature of the cooling fluid changes with time only in the flow
direction.

The area of the collector is large compared with the thickness so that end losses and
shading can be neglected.

Effects due to air leakages and temperature drop in the plenums are negligible.

The absorber plate and the covers are diffuse-grey for long wave radiation. But for
incoming solar radiation the covers behave like specular reflectors.

Irradiation on the collector plates will be uniformly distributed.

Effects of dust and dirt on the collector will be negligible.
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10. The sky will be considered to be a black body source of infra-red radiation of an
equivalent sky temperature.

11. To avoid the difficult of handling the diffuse radiation component of solar radiation,
an equivalent beam radiation component will be used.

12. Air will be transparent to both solar and long wavelength thermal radiation.

13. For the absorber plate and the glass covers, absorptivity will be equal to emmisivity.
This is true for near normal incidence of radiation. But it should be noted that the
absorptivity and emmisivity are not the same for short (solar) and long wave
(infrared) radiation. The surface should have high solar absorbance and low long-
wave emittance.

14. For flow in the heater channels, suitably averaged heat transfer coefficients will be
used (though they will vary with time).

15. The temperature of the air flowing in the flow channel varies linearly with distance so
that the effective temperature of the air will be the mean of the inlet and outlet values
at a given instant of time. Thus the flowing air properties will be taken at the mean
temperature.

16. Due to the thin sizes of the plates and the low thermal conductivity of the air, the heat
transfer in the plates and in the flowing air in the flow direction will be very small, so
that the effects of axial conduction can be neglected.

17. The flow channels will be considered to be parallel plate channels of finite width and
finite length (in the flow direction) in the calculation of convective heat transfer
coefficients.

18. The flow channels and the stagnant air gaps will be treated as bounded by parallel

plates of infinite width and length in the calculation of radiative heat transfer
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coefficients, since the space between the plates is very small compared to the
dimensions of the plates.

19. Convective heat losses from the top and bottom of the collector will be to the same
ambient temperature. This assumes the collector will be suspended and not resting on
the ground.

20. Radiative heat loss from the bottom and sides of the collector will be neglected.

21. Material properties such as; transmissivity, reflectance, absorptance and extinction
coefficient are independent of temperature.

22. The working fluid (air) enters each flow channel with uniform temperature and
velocity profiles.

23. There are no fluid leakages between the passes and no air leaks into or out of the
collector.

24. It is also assumed that incompressible flow exists and effects of viscous dissipation
are negligible.

25. Entry effects are also negligible and the flow will be fully developed.

To have a complete model that can predict the thermal performance of a solar collector, three
main steps were undertaken: -

i) . Theoretical analysis which lead to differential equations.

ii) . Numerical analysis that attempts to solve the differential equations.

iii) . Solution methods for the unknown parameters in the differential equations.
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4.2: SINGLE PASS MODE.

Tfo

Figure. 4.1. Single pass mode with component temperatures.

Taking an energy balance for an element of the collector, differential equations are obtained

for the collector components.

1 TOP GLASS COVER.

dT d2T,
dmtcp ' — G,ftdAk- kgbtgdx - htt dAK(T ,-T,) (4.2.1-39)
-hr>dAKk(T,-T.) + h,, dAK(T,-T.) + hritd AK(T,-T,)

Dividing through by dAi:

dm,  dT, dx d2T,
dAKQ dt f_ SgdAk dx2

-hA(T,-T.) + hI(TI-TY) + hJT,-T,)

(4.2.1-b)

where;
dm, = pgbtgdx (is elemental mass of glass in the control volume, kg).
cH = Specific heat of glass, J/kg. K.

Gs = Solar irradiance, rate at which radiant energy is incident on a unit area
of the surface, W/m2 (Both beam and diffuse),

f, = Fraction of incident radiation absorbed by the top glass cover.

dAk = bdx (elemental surface area, m2).
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kg = Thermal conductivity of glass, W/m. K
b = width of the glass cover, m.

tg= glass cover thickness, m.

pg= Density of the glass material, kg/m3.

dx = An elemental length of the collector, m.

ha = convection heat transfer coefficient between the top glass cover and

the ambient, W/m2 K

(T4-Tt ) . .
ht =o0sg------—-- — (Radiation heat transfer coefficient between the

glass cover and the ambient, W/m2 K).

hu = Convection heat transfer coefficient between the top glass cover and

the first glass cover, W/m2 K

o(TA-T,4) _ o(T2+T2)(T,+T,)
" (E+£ -W-T.) f-1

Radiation heat transfer
coefficient between the top glass cover and the first glass cover,
W/m2. K (assuming the two glass covers have the same emissivity).

a = Stefan- Boltzmann constant.

Ey=Glass emissivity.

Tt = Top glass cover temperature, K.

Ti= First glass cover temperature, K.

Ta= Ambient temperature, K.

2. FIRST GLASS COVER.
There will be multiple reflections that will affect the radiation;

i). Absorbed by the top glass cover.
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ii) . Absorbed and reflected by first glass cover.
iii) . Absorbed by the absorber plate.

Taking an energy balance for an elemental mass gives;

dm, aTj = Gf, - k.bt. dx T, -MVT),)
dAk dt ~,'1 "d" 8dAk dx2 ’ 4.2.2)
-h,i(T1-T,) + hIbI(TA-TD) + hlii(Tlb-TI)
Where;

fi= fraction of original incident radiation absorbed by the cover, when the
effect of multiple reflections is taken into account.

habi= convection heat transfer coefficient between the first glass cover
and the absorber plate.

hrabi= radiation heat transfer coefficient between the first glass cover

and the absorber plate.

Assumptions made here were;
a) . The glass covers have similar optical properties.
b) . The glass covers have the same thickness.

c) . There will be multiple reflections.

3. ABSORBER PLATE.
dm.bc

dAk pr dt
- hVI(T,,-T,) - - hrtfm(Tib-T1m) (4.2.3)
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where;
dm,b-- elemental mass of the absorber plate.

cp -- specific heat of the absorber plate.

klb-- thermal conductivity of the absorber plate.

Tlb~ temperature of the absorber plate.

THB—mean fluid temperature.

flb—fraction of original incident radiation absorbed by the absorber plate.

The assumption made here was that; there is no transmissivity on the absorber plate and
there are multiple reflections between the glass cover and the absorber plate. With this,
the absorber plate behaves as a black body, but in reality this is not the case hence the

absorptivity of the material were used.

4. THE FLOWING FLUID (AIR).

Tf+ dTf
m

X x+dx

Figure. 4.2. Air in the flow channel

Enthalpy in, Hx= mcp T
Enthalpy out, Hxitk = " - d x

= mcp Tf + mecpf rdx

Thus energy balance for the flowing fluid is,

(4.2.4)
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where;
M = mass of the fluid in the flow channel control volume considered, kg.

cp = specific heat capacity of the flowing fluid.

hebfm= convection heat transfer coefficient between the back plate and the flowing fluid.

m =mass flow rate of flowing fluid, kg/s

T +T
Tm~ f°'2 f~¥° =mean Au'd temperature, K

Tt o =fluid inlet temperature at the initial time, K

Tt o= fluid exit temperature at the initial time, K
5. BACK PLATE.

dmbPc dThp
dAk @ dt (4.2.5)

-ULCV Til

where;

Uin (insulation heat transfer coefficient),l
R m .K

R -=om (insulation thermal resistance), ~ ~ ~
Ti[a=temperature at outer surface of insulation, K

h

F —+ = -i
%

(radiation heat transfer coefficient between the absorber plate and the back plate),

6. INSULATION.
The heat conducted through the insulation will be transferred to the atmosphere at the

collector surface by convection and radiation.

A heat balance equation will take the form;
Heat capacity = (Heat conducted from back plate

- Heat conducted along insulation
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- Heat convected away at insulation surface

- Heat radiated away at the insulation surface).

(4.2.6)

where, T, is the ambient temperature in Kelvins.

4.2.1: FINITE DIFFERENCE EXPRESSIONS.

Equations (4.2.1-b to 4.2. 6) were solved using finite difference numerical method. The
finite-difference formulation used was based on a simple explicit scheme that was presented
by Laasonen. The Laasonen scheme uses an explicit time marching formulation and a central

difference formulation approximating the spatial derivatives.

For first order differential equations the forward-difference formulation was used, while for

second order derivatives, the central-finite difference formulation was used.

The following simplifying finite-difference expressions were used;

dt At (4.2.7-a)
(4.2.7-b)

dx AX
(4.2.7-c)

dx2 (AX)2



where;
At ----time step
n--—- subscript denoting the component considered
— temperature after time step
Tn -——temperature initially.

And where equation,
24.7. a - - isthe explicit time marching.
24.7. b -- spatial forward-difference formulation.
2.4.7. C - - spatial central-difference formulation.

Also the following relations were be employed,
dm,, = prbtrdx (4.2.7-d)
dAk= bdx

Simplifying equations (4.2.1-a to 4.2.6 by use of the above finite difference relations, we get,

1 TOP GLASS COVER.

dm. dT

—_ _C —_
dA. P dt

On using equation 7,

pEbtidx c
bdx p< A

Or,

On using,
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and letting;

L A (aconstant)
nt.c
> p,
k
-— - =B (aconstant)
PgeH (Ax)

(It has been assumed that Ax will be fixed and uniform).

X=T + AGFAt - BA(T, -2\ +T")
- AAth, (T,-T.) +AAtht (T, -T,)

Expanding;
T1= T, + AGfAt + AAt(h.T,- hT,- h.T,+ h.T.)
- BAW(T 5 - 2T +Tpea)
Or,
T = T,+ AAYG, + htT,+ h.T, CTt) - BA((T  2Tj+T e (4.2.8)
Where,

C = h, + h, (will change with changes in h, and ht).
2. FIRST GLASS COVER.

dm. dT.
dA7Q*"dt"
-MV T) +h,fr»-T) + h”*cr™-T))

Which can be written as,

S 2TLT.
Pbtg e = G - ke <
8bdx @ At *1 bk (AX)2

- ht(T,- Tt) +h,(TIb-T1)

where, h, + hA = h,

on rearranging;
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T =T+ kgAt £ (T, -2T T, )
PtCp,  PgS,(Ax)) A * -
h,At
5(T, -Tt)+
Ritica PAS,

On using the constants A and B (as defined earlier) and then expanding, we arrive at,

Ti=T, + AAYGS -hT, + hT,+hTA-hT)
-BAtCT"»-ZT.Ti,J

Or,

T1= T, + AAYGsf, + hT, + hT.b-DT)

(4.2.9)
SBAt(TA-2T,Tw

Where, D = h, + ht, and changes with h, andht.

3. ABSORBER PLATE.

P~btlb-~c p *
bdx

dx dZT,

-h,,,(T.b-T,) - h n~rn™ - \)~ hACT/\_T/\)

Or,
T - N\
t -T, _ G, K, (T A= 2TA+T A)
Al PAMGE  P.bCp*A)
h, h
0«-m)- — —@-T) - —  (T,-Th
p* Paly\doCp+ Pab"Cp,
ni
Simplifying,
T;=T"+ EG. At - FAY(TA - +TN)
-EhAY(TA-T ,)- Eh AICTA-Thp) - Eh"AtO™* - Tfa)
Where,
E (a constant).
&
F (a constant).
PabcP* (AX)
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On using,

h = h-
Nofm= hf

T" T +Ea'G'F* hT+hT,- +h.T, - hT,+ hried
FAf r*~. - 2T», + T 1)

Finally the equation to be solved becomes,

Th = Trt+ EAtG.f,, + hT,+ hhjTop+ h~A-GT.,,]
~FA(TM -2 T A+ TH) (4-2.10)

Where, 0="~+17r+7

4. THE FLOWING FLUID (AIR).

Mer at = hndA, (Tj, - Tfa) + hbHhdAK(T, - Tfa) S5Tf .
mc- a fdx

Where, M = pfbtfdx

Or,
, N drf
Pf fbdx Gof dt *dcfo(Tb“ Tfa) + hACTA - TA) - me ~-dX
' 5X
Rearranging, takes the form;
N
= Ti+ e flrxo 1) m T T
' * cv M- -—- At— -
PRICh, ™ prifcp, Pftfb AX

Or,

T' - T,+ Hh/A(T,- T,,) + HhAI(TB- Tfc) - JAUT, - T,)
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Where,

H= (a constant).

J = m (a constant)
pftfbAx '
~ bp-fin

Changes in errand pf with temperature are negligible.

Expanding, results to;

Tf = Tf+ HAW(OFTA+ h jA - KT - JAYTH

Tr) (4.2.11)
Where, K = hf+h
For the element considered,
Tf :T{) and T{ = Tfk
5. BACK PLATE.
. d
X - vh A \
Ap Ipbdx G* At *V "'bdx'dx3 bp-fin0 bp  16n)
+IW Tb-V -u ™ - Tm
Or,
_ h At
'[b% = pr — K At .
PbprcAx) ™ (Vo - CT*- T.)
PreA) LR
+— —rp _7) 0 LA
PopCRp tp ™) p-.v*0* * ~’
Where, hb= hr
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Letting,

L= - (a constant).
PoptopQ,
kD
M= e — - (aconstant).
PbpCpJAX)
We get,
t; =  -LAthp(T"-Tta) +LAthb(Tb-Thp) - LAtUJTA- )
-M AtcrA*nr+TN)
Or,
T, = LAt(hbTtb+ hpTfa- NT*) - LAtUJT*- Tm
(4.2.12)
AV O* T2V + V]
Where, N = hb+ hp
6. INSULATION.
dm dT.
Ins _ A k bt * d, 113
dak e (VT 52 gak
-A(Tu.-T.) - h (Tini-T,)
Letting;
h— +h<~= h-
and simplifying,
Tro = Tins i (TA iT*) 4 2T + )
— . ) a )
Al RatinGp" " P, (A9 ™ A
Crta-T .)
Qltstinscp"
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Letting,

----------- = P (aconstant).
P%nst:insQZM

and
= Q (aconstant).

RN, (AX)2

We get,

TL=Tm+PUAMtr - T,J - PhnAYTG- T.) (4.2.13)
- QAl(Tu»,.- 2T + TN )

Equations (428 to 4.213) were used to predict the future temperatures

The expressions allowed determination of the present temperatures in terms of the

temperatures and parameters evaluated in the previous time step. This kept the system of

the equations linear.

The parameters hand hr are determined based on the previous temperatures. While the

value G, was the previous measured incident solar radiation, thus the transient

predictions were linked to the available data.
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4.3: DOUBLE [TOP FIRST1 PASS MODE (DTPM)

Tt T) T Top Tirs

Figure 4.3. Double (Top first) pass mode

Working assumptions:

The fluid temperature at any section in the flow channel is uniform.

The inlet temperature to the second flow channel is equal to the outlet temperature

from the first flow channel.
For the elemental section considered, the exit temperature from the first flow channel
is not equal to the inlet temperature into the second flow channel.

In the analysis the notations used in the single pass mode will be used with the

following extra notations;

1 First flow channel fluid temperatures, Tfini and Tfout 2
2. Second flow channel fluid temperatures, Ti,,2and Tfout 2

The transmissivity of air is unity (does not absorb or reflect).

icu.«i the c\u i
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1 TOP GLASS COVER.

An energy balance leads to;

d7r.
dmiCpf* = G,ffdAk- kgbtgd X X - - hudAk(T,- T.)

dAk(Tt- T.) - hMdAK(Tt- T*)) + h, dAKT, - T0

Dividing through bydAk:

iL - Of - KXA-TT - MT.-T.)
dAk pt dt *% g gdAk dx2

(4.3.1)
- hJT,-T.) - hfi(T,-Tfai) + hri(T,-Tt)
Tf +T,
where, Tfai= = 2
2. FLOWING FLUID IN THE FIRST FLOW CHANNEL.
Mc" i1 = hi-dA'(r-" T-)+ h'.'dAXT] T-> 43.2)
3Tf
- m. cn — Ldx
1p dx

where M, = mass of the fluid in the first flow channel control volume considered, kg.

3. FIRST GLASS COVER.

dm,CRMft" = GH'dAs™ k*tdxd”*2 ~ hf,idAk* T TIim
- h"dA~T,- Tt)+ h*.dA . A-TJ +h"*dA - T)
dividing through by dAk,
dm dT, Vs r . L, dxod T( k /r p »

Ak ol = Gfi - Kl ptyt, ~ NEWC>" W (4.3.9)
- h a,-T,) +h, (T,- T+ hM T .- T)
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4. ABSORBER PLATE.
. 2T,
dm*c. AT . G ~dA .-k’\dx%-f -hA"dAN-T )
X
-h.dAKkCr.h-T,) - h dAk(Tb- V - hAdM T*-7)
dividing through by dAk,

dm. dT. dx d X

dak Bt O wgar gxe  RICR N (4.3.4)

- hACTA-T,) - hAO *- TA) - hACTA-TA)

5. FLOWING FLUID IN THE SECOND FLOW CHANNEL.

dT,
MM _dtit = M2 kM *b~ + _ Tfa3) (4.35)
chLd
- m.c,—
2 R dx X

where; .= mass of the fluid in the second flow channel control volume considered, kg.

It will be assumed that the mass flow rate in the second flow channel is equal to the mass

flow rate in the first channel, thatiss: m,=m, = m

6. THE BACK PLATE.
dT, dzr )
Ambpcp* h~r"dA AN T k" btrdx hf2\pdAk(Tlp  Tfaj)
- UunrCnr-T,)
Or,

gmk/l\) dr']l'to/\ £ K b dx /qIZT.
; STV KWW (4.3.6)

“ hfA(Tbp- Thn) ~ UL(Tp- Ti)
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7. INSULATION.

i H =- h"dAKT,- T) - k*rdx-~-f - h*"dA"-T )

+ ULdAK(Tip- Tm)

Or,

ddrzlli/l P« - hr_ﬁ.n— :F)\ - Ulnht oX dfll

- A(T *- T)+ ULT*-Tta)

SIMPLIFICATION BY FINITE-DIFFERENCE EXPRESSIONS.
Using equation (4.2.7) enabled simplification of the above equations.

1. TOP GLASS COVER.

pEbtl dxc
dx pr At
- h. (T.-T)) -htu(T,- V) +h,Cr,-T,)
Or,
t’—t T - 2T. +T
= - *.; —— - < ~T.
tgcg) At Gf- Kkt » (A%) K<Jt~T.)
- hna; .T) - h!n (T’-T n) + hn Cr’ -Tl)
Simplifying;
T>- T | GH*At kgAtf T'-~ 2T. +TAH hA (T ,-T )
© ¢« PtS, PP, (AX) Pgcn
h At hf At hr At
——(Tt- T) - TTT"(T,-Ttal) + -~ — (T,-Tt)
P.t.s ' " Polgep, “dlg'p,

On using, A and B as defined for single pass mode, and letting;

K =h*
hflj= hn
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We arrive at;

7' =7, mAOfAt  BAL(T, -2T" T ~) - AAth.f7.-7.)
-AAthn(Tt-Ttai) +AAthACT.-T,)

T1=T,+ AAYGSf,- hT,+ hT.- hnT,+ hnTtg + hcT,- h~T]
BA - 2Tpe+ Tage)

Finally, we have;

T1=T, + A4t[G,f,+h.T.+ hnTfa + hOT,- C,Tt]

(4.3.8)
-BA«T M -2T,,

Where, C2= h, + hn+ h”,

2. FLOWING FLUID IN THE FIRST FLOW CHANNEL.

Here,
Mr, = Pfbtfdx
PEbty ., Tr~TE = hfuQt-T tai) + hiMTL-T fin) - ~'c pfATd x
bdx H At
Or,
T T i moTh T
T (T.- V) . (T,-T-,) - Ax
M Pflrc,, Pt,'r,c,, P f\b
On letting,
H,:
PM,
m
b PrrbAx
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X - X+ Hhdat(T,- T,) + HhMAY(T,- T*) - JA(TA -\ )

Giving;
w - T+ HAMT, +hiT,- KTk ]-J,A t(T ~-\) (4.3.9)
Where; K= hi+ hfy.
3. FIRST GLASS COVER.
Pebtixe Ti- T, dx T. - 2Ty+ Ty .- TH)
dx pv At T kobtg pdx (AX)2 ’
- hJT.-T,) +h~(TA-T) + hACT*- H)
Or,
T1-T T - 2T. + T
P.'A .V = °'f- kL (Ax)1  “ -~ A
- h,fT,-T)+W ~-T ) + hWW(T,- T)
Reducing to;
T,- T,+ AAIG.f,- BAt(T,_ - 2T, +T")- AAthfw(T,-T fa|)
- AAthi<(T, -T,)+ AAth*L(Tib-T,)+ AAth” (T.b-T),)
On letting,
b*.+ K, = h>
T1=T,+ AAtG.f, + hfi T+ haTt+ h.T*- D,T]
(4.3.10)

- BAY(T'™ - 2T, + T.J

where, D, = hfi(+ ha+ h,.
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4. ABSORBER PLATE.

dx ThbA~ 2TA,~ TriN

Caf.- - K(T*-T))
bdx'ps At "bdx (AX)2
-» A (T--T») - h-»(T«- T*))
Or,
1o pw s CfiAL k..At T, + T4,) - T)
P-,t*c. p*c_ (AX) PI* G
h. At . h. At v
Py T T Pt T
On letting;
Pt>bo0o*
kb _
P*CHB(AX)2
h*
hf* = hc
TlI=T*+ EAG.f*- EAth, (T*- T.) - EAth*(T*-T")
- EAthc (T*-Tfej)- FAL[T* - 2T* + ]
Or,
— T % T **N i-
Tl=T*+ EALG,f* + hjTj+ h**A + hcTfy - G.TJ (4.3.12)
- FAtrr™- 2T* +T*,)
Where,

G, = h, + htb+ hn.
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5. FLOWING FLUID IN THE SECOND FLOW CHANNEL.

Here,
Mr2= Pf2btfax
Tf, Tf, _ U fry. rp A fT _"f f JX
"paxrcp M- hPr (Tb TR hf (* fd bdx A ax
Or,
TE-T6 - hE,
(T* - T* A * _ T _ .
A Ped (T > it T - T) - PMb Ax
On letting,
) 1
hZ=
Pf tf, C,,,
m
h = pratnAx
he= kfu
TI =T_+ HhfAt(T*- TA,) + HANATLFT,- Ttoi) - JAY(T,w - T,J
Giving;

Tl, - T¢ + HAth, T, + h.T*- KTfci] - J,4¢(T,~- T,)) (4.3.12)

Where, K2= hfj+ Iv

6. THE BACK PLATE.

ppb» N c- A~ rir-=h'~c*-T-) - h'~<T»- T-")
dx dZTiD
t->
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Or,

hr At hf At
th =t _F——— R
ULAt : k bpAt
(Thp-T iu) - oAk rern. - 2T*, +V J
Poc” ( Ax)
On using,
hA =h->
= he&
A
Popop'yt
k.
=M
Popcp*(AX)
We get,
Top=\+ LA th~- TJ - LAthIJTA- Tfaj)
- LUIASTR - Tin) - MALCT®- 2Tip+ V]
Or,
o N j -
T;=Tbp+ LAt(h"T.b+ hftTfyj- N ,TJ (4.3.13)
- LULA(Tp- Tjr)- M At~ -2T* +V ]
where, N,=  + hn,

7. INSULATION.

T'-T
P,nbtnu"dx cp , A rA=UlTbp- TA) - hACIL-T.)- hr ( WMT.)

klbtm o LYt -t +t )
‘ bdx(Ax)2

Xl =71 + UrAt [T _ 7T \ e himAt (T - T )
“im Mn.+ . \ *bp l«*) t vim M
Piims " INVs~PB Pinslins"pM
Or .
k iVAt

(tw cp- 2T  + T
s (A (te ¥x)
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On using,

TL= Tta+ PUIAKTA- Tjn) - PhillAY(Tini- T.)

(4.3.14)
- QAT g 2Tyt Tigead
The component temperatures were predicted using equations (4.3.8 to 4.3.14).
4.4: DOUBLE [MIDDLE FIRST) PASS MODE (DMPM).
Jt T, Tab
Thn
' Thp
Tot = / Tirs
itzzzzzzzzzzzzzuzzzzzzm N
dx
Figure.4.4.Double (middle PctSS <V)ocLc_

It was assumed that the assumptions made for the double (top first) pass mode do apply here

equally. The energy balance analysis was done as follows;
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1 TOP GLASS COVER.

dme, li. mG.fdA, - k,bt,dx™i - b dAk(T,-T,) - h,dAKk(T,- T.)
" podt dx

+ hItdAK(T,- Tt) + hfidAK(T,-Tt)

Dividing through by dAk,

dm. A dx dZT,
=" =G f - kot - h,(Tt- T.
dAka‘ dt gjgdAk dx2 ( ) (4.4.1)

- (T,-T,) + h,(T,—TJ +hIT.-T.)

2. FIRST GLASS COVER.

dnc A = GHjdAk- \*tdx”- - hAdAA-\) +hAdAA-i;)
P & ox

-hj.c™o;
Or,
N = G,f,- kgotg| » - hu(T,- Tt
dAkC it 1 g 8|dx e ) (44.2)
- hhi(T,- Tt) - hfi(T,-Tfa) + h\W(TA,- T)
3. FLOWING FLUID IN THE FIRST FLOW CHANNEL.
MfcR  — hf)dAK(T, Tfa ) + h{*dAk(Tr) Tim)
(4.4.3)
5Tf
- me_— Ldx
H 3x

4. ABSORBER PLATE.

aQr A = G,FFdAt” k*bt*d* A ' " hf* dAICrb_ Tfd)
- hAdAA- Tk) - hAdAA-T,) - hrdAK(Tib- \)



Or,

dmb  dTb X
dAk prodt A - hu (T -V (4.4.4)

h<JT*-T,,) - hA.(T-- T.) - h.~(T-.-T.)

5. FLOWING FLUID IN THE SECOND FLOW CHANNEL.

MiCpJ"dt = K JAN ~ T8 +KJAN ~ V (4.4.5)
5TfLd
- me,_ — Ldx
B> ax
6. BACK PLATE.
dT,
d"V =,-JIL- h.,dAWT*- T,)- hwdA,Cr,- Thi)
d’T.
-ULdA (T"- T,) - kAbtwd x -7
Or,
dm, thp b )
‘ T.b* hiNT~  Tfai)
dAk B dt wa5)
dx d2»
dAk dx2
7.INSULATION.
amec T S udanT Ty kbt dx9Zs)

Cp _dt dx2
- h,.dA (T, - T) ILdA.CIL.-T.)
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Or,

dm s d- - yLTr- Tta) - hmMTIMT .
dAk P dt ( : M ) (4.4.7)
dx dar h

- hn (T.«- T.) ~ kmbt« dAK dx2

The above equations were simplified by use of finite-difference expressions (appendix I).

4.5. TRIPLE PASS MODE.

ab

[ S s——
LTI T8

Figure. 4.5. Triple pass mode

Performing an energy balance;

1 TOP GLASS COVER.

= G,f,dAL+h1,dAL(TL-T,) - h_dA(T,- T.) - h,dA(T,- T)

- htudA(T, - T,) - k.t.bdx"S-
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Or,

"GN, (T-T) - WA (T,- T) -h(T, - T)

(4.5.1)
dx dzr
- hfl,cr.-T fal) - k gtgb
dAK dx2
2. FLOWING FLUID IN THE FIRST FLOW CHANNEL.
dT ) oTf
M.,  amht dA,(T,- Tfa)) + htiidA,(T,- TR) - me, -Adx (4.5.2)
3. FIRST GLASS COVER.
Gfl+A f-' T> h**W*V -hu - T-.>
(45.3)
T *
~hu /(]l: - :F«')V - E«E SE'dAf( £(12X|2
4. FLOWING FLUID IN THE SECOND FLOW CHANNEL.
cIT
Mf,cR 3] = VAN T>" Te) + hfAdAK(TD- TH) - mcPf—y dx (4-5.4)
5. ABSORBER PLATE,
dm*cp.  “ G.F*dA.- h,,dAV(T.p- tk )- hA*dA4 T* - T*.)
T,
i (T.-T,)- Bv.dAI(T.-Tf)-k.t.W xAf
Or,
S rec- = f mh~(T--T-.)- h'-(T--T-.)- h- <T<- T
( ) ( ) ) 4ss)
dx dz2r
C t>A(T»-Tw)-kAb
(T>-Tw) dAK dx2

76



6. FLOWING FLUID IN THE THIRD FLOW CHANNEL.
M dTr, _
f.cp, = \ )+ -T-,) - mcp” fdx (450)

7. BACK PLATE.

dm*<=”/\ - h,AdAk(T,' T,,)' hAdA,(Tu-Tny)

_ dar.
- AdAAT*- T - kAhdx-~-f

Or,
dm, dT,
V- iy =hw (T» -T»)- "...K -V )- Uli(g,-T.)
dakVm™ b (457)
-kt *.* 5
tpp dAk dx2
8. INSULATION.
dT. ) )
dmweP -ALl=2"d A A -T j- hAdAA-Tj-hAdA " -T.)
dzr
- k,tinbdx-
“ Iﬂ‘ X dx2
Or,
“mc,_ - Ut (T,-- m,) - (T, - T)-h_.(T,,-T.)
(4.5.8)

- k,..t,.b-dx dIT*
dAk dx

Equations (4.5.1 to 4.5.8) were simplified using the finite-difference expressions
(appendix 2). Then the resulting expressions used to predict the future temperatures of the

collector components and the flowing air.
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To solve the temperature equations assumptions that, due to the thin sizes of the plates and
the low thermal conductivity of air, the heat transfer in the plates and in the flowing air in the

flow direction are very small, hence the axial conduction terms can be dropped since they are

very small compared to the other terms were used.

All the sets of equations developed were solved as explained in the solution procedure section

to determine the component temperatures after the defined time interval.

4.6: CORRELATIONS.

To be in a position to solve the developed equations, some correlations and constants had to

be used in simplifying the terms involved. The correlations used are given in the following

sub-sections.

4.6.1: Determination of the Incident Radiation absorbed by the Components.

According to Simonson[3], Duffie and Beckman[15], there will be multiple reflection
between the collector components. This will have an effect on the fraction of incident
radiation that will be absorbed by the collector components. Hence there is a need to trace the

incident radiation rays and get expressions for the radiation that will be absorbed by the glass

covers and the absorber plate.

The glass covers will reflect, transmit, and absorb the incident radiation, while the absorber

plate will reflect and absorb.

1
s e *

Expressions for the reflectivity, transmissivity, and absorptivity of the glass covers are given

in section 3.4, while the absorptivity of the absorber plate will be a known constant.



Apart of the expected radiation ray diagram is given in figure 4.6.

Figure.4.6. Radiation ray diagram.

Where;
A = Top glass cover. * Incident radiation.
B = First glass cover. » Transmitted radiation.
C= Absorber plate. -» Reflected radiation.

------------ » Absorber plate reflections.
Assumptions made:
a) The material properties are constant ( do not change with temperature).
b) The glass covers have the same optical properties.
c) The transmissivity of the glass is very high, hence the glass reflectivity and
absoptivity can be considered to be very small.

d) The absober plate has high absorptivity, low reflectivity, and no transmissivity.
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Symbols used;

R glass transmissivity.
p -------- glass reflectivity.
a --—-—-- glass absorptivity.

pa------ absorber plate reflectivity.

aa-——- absorber plate absorptivity.

4.6.1.1: Top Glass Cover.
The fraction of the original incidence radiation absorbed by the top glass cover, was obtained
as follows [42, 58];

Total reflection by the top cover to the ambient,

P+ X + X3+ X2p5+ X7+ ------ (46.1)

Total absorbed radiation:
=(1-p-%x)+ (Xp - X - xp2) + (Xp3- x2p3- xp4) + (Xp5- X2p5- xp6) + ---------
=@L-p-x)+xp(l -p-x)+ xp3(1-p-Xx) + xp5(1 - x-p) +-—-
= (L-p-X) [+ Xp + Xp3+ XPS+ormm]

Or,

(L-p-x [+ x(p+ p3+ p5S+------- )]

=(l-p-x) [I+xjp2-7 (4.6.2)
nml

Since, efficient operations of the collector requires that the reflectivity be very small, higher

powers of p can be neglected, hence



o
| p21- p (4.6.3)
1

Thus, absorption by the top glass cover can be given by:
@-p-v) @A+xp) = f (4.6.4)
NOTE:

The term xp accounts for multiple reflection.

4.6.1.2: First Glass Cover Total Absorption.

Total absorbed radiation by the first glass cover is obtained as [42, 58],

(X - €2- xp) + (xp2- x2p2- Tp3) + (Xp4- x4 tp5)+(Xp6 - X2p6- Xp7)

=x(I- p- %)+ xp2(L- p- X) + xpd(L - p-x)  +xp6(l-p-  X)*-
Or,

L- p- X) [X+ X2+ X + X6 + -ormemee ]

= (- p- X) X[l + p2+ ph+ B+ -cmemeemmr ]

Hence the first glass cover total absorption is ,

,=@1- p- x) xf>2 (4.6.6)

n-0

Since p is supposed to be very smal, we can write,
**

iy - i+p2 (4.6.7)

n-0
Hence, the first glass cover total absorption will be given by,
fi= (L-P -x) (t+ xp2) (4.6.8)

Where the term xp2 accounts for multiple reflections.
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4.6.1.3: Absorber Plate Total Radiation Absorption.
The absorber plate will absorb radiations transmitted through the covers and also will absorb

reflected radiation from the absorber and back to the absorber from the first glass cover.

Total radiation absorbed from the initial incident radiation is given as,
X2, + X2, + xpda, + xp6a, +--------
Or,

X0 ,(l +p2+ p4+ pb+------------ )

= xa, Xph (4.6.9)

n-0

The radiation absorbed by the absorber plate from plate reflections is obtained as;

x2P«Pa, + t2p2p2a. + x2p3PpA, + xpdpda .+ ----------

Or,
(p.P + plp2+ PP3+ PIPA +---mmmmmmmm- )
” 4.6.10
= 20. Z (p.p) (4.6.10)
Hence, total absorbed radiation is;
*20 | p2' + t2. | (p.p)" (4.6.11)
70" | (pep)

Since, p, and p are considered small, we can neglect terms of 3rdorder and higher. Hence;

f* = *a. (1+P2) + *2. (P.P)

Or,
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f* =t2. [L + p2+ p.p] (4.6.12)
Where s the optical efficiency of the collector.

The term p2 accounts for multiple reflection between the glass covers whereas the term pap

accouts for multiple reflection between the first glass cover and the absorber plate.

4.6.2 Heat Transfer Coefficients and Empirical Correlations.

The following empirical correlations were used to determine the heat transfer coefficients.

4.6.2.1: CONDUCTIVE HEAT TRANSFER.
The heat conducted per unit area, g, through the back plate and the insulation layer was

determined usingFourier’s equation (3.35) which was rewritten as,

(4.6.13)

Where,

Q = heat conducted through the given slab, W.
A = area for the heat flow, m2.

T, = temperature of the back plate, K.
T2 = temperature of the outer surface of the insulation, K.

X, = thickness of the back plate, m.

x2 = thickness of the insulation material, m.

k, = thermal conductivity of the back plate material,m.
k2 = thermal conductivity of the insulation material, m.

When electrical analogy was used, R , a term giving the thermal resistance, was defined as;

m2.K/W (4.6.14)
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Hence, q=hc(T,-T2) (4.6.15)
Where,

hc = ¥ — conduction heat transfer coefficient, W/m2.K

4.6.2.2: Radiative Heat Transfer,
i) Sky radiation.
This is the radiative heat transfer between the top cover and the atmosphere.
The net radiation to the top glass cover surface was determined by considering its

radiation exchange with the sky. The following relation was used [16, 28, 31];

(Equation 3.14)

Where,

Q = the net radiation heat exchage, W.

e = emittance of the glass.

A = area of the heat exchange, m2.

a = Stefan-Boltzmann constant.

T = temperature of the glass cover, K.

Tdy = sky temperature, which is realated to the local air temperature by the relational6],
=0.0552T;5

T, = the ambient temperature, K

Radiation heat transfer coefficient was obtained as;

_0e[T4-T,y]

4.6.16
] (T-T.) ( )

ii) Radiation between two parallel flat plates.
Radiative heat transfer coefficient between two parallel flat plates with an enclosed air gap

was obtained using,
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= o[T,2 + T2][T, + T2]

- ﬁ‘ + % 1 (Equation 3.17)
Where,

e, - emissivity of first plate.

el- emissivity of second plate.

T, - temperature of first plate, K.
T2 - temperature of second plate, K.

4.6.2.3:Convective Heat Transfer Coefficients
i) Forced convection by wind.
Forced convection from the top glass surface to the ambient had its heat transfer coefficient

determined using the correlation;
h,, =5.7 + 3.8v W/m\K (Equation 3.23)
Where,

hw —is the heat transfer coefficient by wind,
v —is the wind velocity in mys.

i) Natural convection between parallel flat plates.
Equation (3.19) was used to compute the natural convection heat transfer coefficient between

parallel flat plates and, for a horizontal flat plate collector, was reduced to;

Nu=1+144 1- /% S5x_f (4.6.17)

Ra 5830

Where the, +, exponent means only positive values of the terms in the square brackets are to
be used, otherwise use zero for a negative value.
Then the heat transfer coefficient was obtained from the relation;

Nu = 1 X (4.6.18)
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Where,

Nu - the Nusselt number,
d —the plate spacing, m.
k - thermal conductivity of the air in the plate gapping, W/m.K.

iii) Forced convection between horizontal parallel plates.
The forced convection heat transfer coefficient between air and the glass covers, or the

absorber plate was determined using;

Nu = I1A. = 0.0158Re(8 (Equation 3.21)
k

which is for a fully developed turbulent flow.
Where,

dh - is the hydraulic mean diameter of the rectangular duct.
4 x cross-sectional area of duct
perimeter of duct
k - thermal conductivity of the flowing fluid.

This relation was found to be in agreement with a Shewen and Hollands recommendation for
solar air heaters operating in the range of Reynolds numbers from 2000 to 10,000 (which is
the common turbulent region for commercial solar air heat collectors), which was based on
data by Kays and London. As Jansen [55] quoted the relation.

Nu = 0.00269Re. (4.6.19)

and,

h = (4.6.20)
2b

where, b, is the duct height which was considered to be very small compared to the duct

width.
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This relation was applied to all channels, since it had negligible differences when compared

with other correlations.

4.6.3: Setting the Distance and Time Intervals,

i) Distance interval.

To set the distance interval to be used in the computational model, the Biot number criteria

were used [16], where;

(4.6.21)

where,

Bi = Biot number.
h = convection heat transfer coefficient
k =thermal conductivity of the plate material.

The Biot number criteria, that isBi~ 0.1, for lumped-heat capacity method to be used, was

used to set the distance interval with an approximated heat transfer coefficient of 13.3
W/m2K to the ambient. The thermal conductivity of glass, which is low, was used,

(k= 105 W/m\K) [32],
Hence,
Bix k

h
01 x 105

= 7.895 x10-3m.
133

if) Time interval.

The time interval was set theoretically using a relation given by Simonson [3];
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At = — seconds. (4.6.22)
a

Where,

Al - is the time interval to be used in the computational model.
1-is the already determined distance interval.
a -thermal diffusivity for the material considered.
k
pcp
p - density of the material.
cp - specific heat of the material.

4.6.4: Properties of Air.

Air properties do vary with temperature. Hence for accuracy and reliability of the computed

results, these effects had to be taken into account.

The density (pa), specific heat capacity at constant pressure (cp), thermal conductivity (ka),

and viscosity (/r) ofair at a temperature T such that 300K. < T < 450K and a pressure (P),

were determined from the following expressions [3]:

P 292.86

Pfkg/m3) 287T T

(4.6.23-a)

cp(I/kg.K) = 970.174 +6.788xI0'ZT + 1.657xLOAT2 - 6.787X10-8 9 (4.6.23-b)
k. (W/m.K) = 7.2%10'5T + 4.64x10° (4.6.23-C)
p(kg/m.s) = 4.4xI0-*T + 4.64X10-6 (4.6.23-d)

Note: The atmospheric pressure, P, for Nairobi is approximately 84.052 kPa

(630 mmHg).

The values obtained from these expressions are in agreement with the values given by Jansen

[55] for the temperatures expected in the collector.
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4.6.5: Other Constants

Stefan- Boltzman constant [15]

0-=5.669x10"* W/m2Ka4.

4.6.6: Geographical Data for Nairobi [4].

Local longitude = 36°49,E

Standard longitude for local time zone = 45'E
Latitude =ri9'S

Sunshine duration = 7hours (on average)
Altitude = 1669 m
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CHAPTER 5: EXPERIMENTAL SET UP AND ANALYSIS.

An experimental set up was necessary to validate the models obtained from the theoretical
analysis. This called for construction of a collector that could be operated in a manner that
accommodated the four modes of airflow described earlier on. The experiments were carried

out according to testing methods described in ASHRAE Standards 93- 77 [30].

The collector box was designed by considering several design parameters that are outlined in

section 5.2, while the measurements that were made are mentioned and described in part 5.26

of the same section.

The other accessories used together with the collector box for this experiment

were as shown in figure 5.1.

Experimental results were obtained and analyzed for the dates given in the results sheets.
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Figure.5.1, Experimental set-up.
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51.  Collector Design Parameters.
In constructing the collector and matching it with the associated components, the following

parameters were considered and used.

5.1.1. Volume flow rate.
A range of economical volume flow rates of 5 to 20 litres per second [0.005 to 0.02 m3s] per
square meter of collector area was used in designing the collector and sizing its components -

same as that suggested by Montgomery and Bud [40].

The upper limit of this range was used as the base for the total mass flow rate since the
collector efficiency is known to be high at high flow rates, though this result to low
temperature rises on the flowing fluid.
* " I
5.1.2. Flow Velocity.
The recommended air velocities over the face of air filters are from 1.524 to 2.54 m/s [41].
Based on this it was assumed that the airflow through the duct would be 2.5m/s which was in

the given range and was also low enough to minimize frictional losses.

5.1.3. Air Density.
At sea level incompressibility can be assumed on the basis that air pressure and density may
not vary substantially from the atmospheric conditions [42] and thus the air standard density
may be taken as 1.2 kg/m3 [39]. For Nairobi, where the experiment was carried out, the
standard air density could not be applied hence the perfect gas equation (equation. 4.6.23-a)

was considered suitable for determination of the air density.
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5.1.4. Collector Dimensions.

The collector dimensions used were those used by Luti [13], which were chosen based on the

available standard sizes of glass. The most crucial dimensions were:

i) Collector overall length = 1500mm.
if) Collector overall width = 900mm.
iii) Main airflow channel height =1 20mm.
iv) Insulation gap between first and top glasses = 25mm.
v) Insulation gap between absorber plate and first glass = 30mm.
vi) Insulation thickness = 13mm.

[All these were set in accordance to dimensions quoted in 4, 6].

The collector box was constructed using the following materials;
a. A wooden frame.
b. Two ordinary window glass covers 4mm thick, 1500 by 900 mm.
c. A 16mm thick mild steel sheet, painted with black matt paint (1500 by 900) used as
absorber plate.
d. A back plate; 12mm thick mild steel sheet, 1500 by 900mm.
e. 10mm fiberglass insulation at the back, covered with 3mm thick plywood.

f. Timber strips for changing the mode of flow.
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Note:
1 The air gap heights were minimized to reduce convection losses and
shading effects.
2. Multi-layer glazing may result in serious shading for larger angles of
incidence.
3. The main airflow channel is the gap between the absorber plate and the

back plate.

These materials were arranged as show in figure 5.2. The flow channels and the stationary air

gaps were sealed using steel putty and plasticine

Top glass cover.
First glass cover.
Absorber plate.
Back plate.
Wooden frame.
Insulation

ok wdNp

Figure.5.2. Material arrangement.

5.1.5: Pressure Drop in the collector.

This was done for all components through which the flowing air losses some pressure due to

friction.
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5.1.5.1: Screen (Air inlet guard).
The flow through the screen was considered as flow through a number of orifices or nozzles
in parallel. The pressure drop or head loss across the screen was computed using an orifice

type equation [44], and the screen head loss equation that resulted was;

(5.1)

Where,
Ah = head loss,m
n = number of screens in series.
cs= screen discharge coefficient.
a = fractional free projected area of screen.
v = superficial velocity ahead of screen, m/s.

For laminar flow region,

Re < 2000;

cs=0.1\IRe (5.2)
Also values of c, are given for a=0.141t00.79 as a plot of C versus Re [36]. Where C is

the discharge coefficient. The actual head loss across the screen could be measured by use of

amanometer, but the above relation was for design purposes.

5.1.5.2:Filters/ Strainers.

An air filter was located at the fan inlet, with a recommended size of 50p.m. The head loss

due to the filter was calculated using the expression;

(5.3)

Where k is a loss coefficient, which is taken to be equal to 2.0. The value is so assumed that it

prevents under-design to avoid failure of the system to deliver the required capacity [45].
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5.1.5.3: Adaptor Hoods.
Adaptor hoods were used to ensure uniform distribution of air in the collector. Dynamic
losses occur as a result of turbulence caused by a change in direction or velocity at the hood

entry.

The hood entry losses can be expressed as a number of velocity pressure heads using a hood

pressure loss factor, kh, [37].

The head loss due to a hood is given by;

Ah = khAZé (5.4)

Where the value of kh needs to be determined experimentally by measuring the pressure
drop across the hood. But the following approximate values were used, which were
considered after referring to data given in [37].

Expanding hood, kh=" 1.0 (inlet to collector).
Reducing hood, kh= 0.7 (exit from the collector).

5.1.5.4: Pressure Drop in the Duct Length.

The Darcy-Weisbhach equation was used to determine the head loss due to flow through the

pipes;
hf=f t f (5.5
f D 2g
Where, f= frictional loss coefficient.
For laminar flow,
(5.6)
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For turbulent flow,
004
f=7 Re >3000 [38] (5.7)

Also f can be determined from the Moody chart.

5.1.5.5: Gate valve/ Damper
The head loss was expressed in terms of an equivalent length of straight pipe, and was based

on the equation;

X (5.8)

Where the values of -4- for the gate valve can be determined from the table 5.1. [38]
Table 5.1

Description Le

Fully open 13

3 35
— open

1 160
— open

2

1 900
— open

4
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5.1.5.6: Fittings (Joints)

Head loss due to fittings was calculated based on equivalent pipe length [38,34], using the
relation;

h = L v2 (5.9)

‘ d 2g
Representative equivalent lengths in pipe diameters (? ) for the fittings were taken to be as

in table 5.2. [38];

Table 5.2.
Fitting Type Equivalent length ~
90° Standard elbow 30
45° Standard elbow 16
90° Elbow 20
90° Street elbow 50
45° Street elbow 26

5.1.5.7: Entrance Losses
For a sharp-edged entrance to a pipe or a sudden reduction in the cross-sectional area, the

head loss is obtained as [36];

Ah = k —  for turbulent flow (5.10)
w

Where,
v2 = average velocity in the smaller pipe
kc = number of velocity head losses.

For entrance, the value of kc was taken to be, 0.5.
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For laminar flow, the friction head loss is determined based on the equivalent length of

straight pipe, whose value is given as [36];
A= a + Db(Re) for 2. <0.2 (5.11)
D A,

Where,
Re-- Reynolds number in smaller pipe
a=0.30 - Couette coefficient
b=0.0391 - Hagenbach coefficient

A, =cross-sectional area of larger pipe, m2
A2= cross-sectional area of smaller pipe,m2

5.1.5.8: Enlargement and exit losses.
For ducts of any cross-section, the frictional loss for a sudden enlargement with turbulent

flow is given by the simple Borda-Camot equation [36];

(5.12)

Note:

This is applicable for incompressible flow of gases with velocities less than 60m/s, or

where change in density is less than 10% [37].

For uniform diverging duct, figure 5.3, Gibson gave an expression that can be used to

determine the head loss [36];
(5.13)

Where,
k:0.13 fora =5 to 7°
;0.0110(a*2) for 7.5° <a < 35° with a in degrees.
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Figure.5.3. Uniform diverging duct.

5.1.5.9: Pressure Drop in the Solar Air Collector.

The pressure drop in the collector (which can be considered as a duct) was obtained from the

Fanning equation [47], as;

AP = — 5.14
2R (5.14)

Or could be measured directly by use of a manometer after constructing the collector.

Where,
f = Fanning friction factor
L = Length ofthe duct,m
G = Ratio of the mass flow rate of air per unit cross-sectional area duct (collector), kg/m2.s
p = Density ofair, kg/m3

R = Hydraulic radius ,m, -which in a rectangular duct of width, W, and height,'s',is given as;
ws
2(w +9)

The friction factor T may be obtained from the Moody chart by using Reynolds number (Re)

_ 4pvR
P

Re (5.15)

Where, v, is the air velocity given by the ratio of the volume flow rate to the cross-sectional

area; n , is the absolute viscosity of the air.

Or the Fanning friction factor, f, for turbulent flow, Re >3000 could be obtained by use of

equation (5.7).
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5.1.5.10: Capacity of Fan required.
The fan used to blow the air into the collector should be able to provide enough power to

meet the pressure requirements.

The work done by a fan can be measured by the quantity of air it delivers, and the pressure
against which this is delivered. Assuming the fan is 100% efficient, the theoretical power
(Wt) required for moving a given volume of air (Q) against a total pressure (Pf) could be

calculated as follows;

- Q*P, 5.16
W= 1000 (516
Where,
Wt = theoretical power required to move air at 100% efficiency, KW
Q=air flow,(®)

P, = total pressure against which air is moved, Kpa.

After computing all the associated head losses, the required fan capacity on using equation
(5.16) was found to be 10W. Since this was a theoretical value, a fan with a capacity slightly
higher was considered in order to overcome fan losses and avoid backpressure in the system.
The available fan had a rating of 25W, which was suitable for this experiment, since it could

be regulated so as to draw the required power from the power source.

5.1.6: Experimental Procedure.

The experimental set-up was as shown in figure 5.1.

Air was drawn from the ambient by a fan that passed it to the 6-inch internal diameter mild

steel suction duct of the collector box.
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There was a damper on the delivery duct to regulate the airflow to the required mass flow
rate. After the damper the air passed through a wet gas meter for metering, although the gas
meter was disconnected after setting the required mass flow rate to avoid pressure drop due to

the small diameter of the hose pipe used for the connection.

The air entered the collector box through an adaptor hood that ensured uniform distribution of
the airflow. The hood was constructed from a 12mm thick mild steel sheet and painted white
on the outside to minimize heat absorption from the ambient. To maintain the performance
and efficiency of the system, the construction, size and shape of the hood matters a lot, and
also the hood should operate at the same level with the source of the airflow. The hood was
connected to the 6inch main duct by a 38.1mm internal diameter mild steel pipe, which was

chosen in accordance with ASHRAE Standard 93-77 [30].

After taking the required number of passes in the collector box, the air exited to the discharge
duct through another adaptor hood, which was constructed and connected in a similar manner
to the inlet adaptor hood.
" * I

Sealing all joints with steel putty and plasticine minimized air leakages in the collector box.
The ambient wind speed was necessary for the determination of the convective heat transfer
coefficient between the top cover and ambient air. This was done using a wind vane
anemometer that was constructed of slightly curved radially disposed vanes. Since the
anemometer counter recorded the distancet of wind through it in meters, the mean wind
velocity was obtained by dividing the counter reading by the timed time interval. With this
anemometer care should be taken to ensure that it’s a way from any obstruction that is not in

the flowing stream. For accuracy, the bearing friction has to be minimized by oiling. The
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other problem with this instrument is when the wind changes direction; it reverses its
direction of rotation, so it required to be monitored continuously. The calibration of the wind
vane anemometer was done by using a cup anemometer, which gave almost the same

readings for same time intervals.

The incident total insolation was measured using a tube solarimeter (tube pyranometer),
which had a Delta-T Devices millivolt integrator digital recorder. The solarimeter measures
the rate at which solar energy is received by a unit area of a horizontal surface; it gives a
spatial average of the irradiance in situations where the distribution of radiant energy is not
uniform. It gives a millivolt output, which can be recorded directly or can be integrated

electronically to give the solar energy received by the surface over a period of time.

The solarimeter detector consisted of alternate matt black and white sections that reach
different equilibrium temperatures when exposed to short-wave radiation. The junctions of a
thermopile embedded in the black and white sections respond to the temperature difference
and generate a millivolt output which is directly proportional to the irradiance. The detector is
enclosed in a tube of Pyrex glass, which is transparent to visible and infrared radiation

(< 2pm) but not to long-wave radiation from the surroundings or the atmosphere.

Tube solarimeters are supplied calibrated from the factory, with their sensitivity adjusted to
15mV per kWm'2 They lack perfect symmetry and their sensitivity varies somewhat with the
angle of the incident radiation as a result of reflection from the surface of the glass tube;

hence for absolute values of solar radiation they are not as accurate as when used for

Comparative measurements.
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The tube pyranometer was mounted such that its sensor was coplanar with the plane of the
collector aperture; this was to ensure that it does not cast shadow onto the collector aperture
at any time during the test period. Also it was mounted at the same level to the collector. The
cover plate and the solarimeter were wiped clean and dry prior to the tests, and then the test

was given 15 minutes of running before collection of data was done.

The Delta-T Devices millivolt integrator responds only to positive inputs and displays a count
proportional to the integral of that voltage with time. The millivolt integrator incurred a very
low error (less than 1%), which made it suitable for this experiment. Since the solarimeter
was calibrated to 15mV per kWm'2, the total count was divided by 15 to give the total
irradiance over a chosen time interval. For convenience and to justify the test to be transient,
the period chosen for integration of insolation values was two minutes that was also the time

interval used in the anemometer readings.

The fan power consumption was determined using a voltmeter to measure the voltage across

the fan and an ammeter to measure the current to the fan.

To measure the mass flow rate, a wet gas meter, AW 1319 of Alex Wright & Co. Ltd,
Westminster was used. For accuracy, it was kept level and the level of water in it maintained
during the test period. The wet gas meter measures the volume of air through it, so readings
in a known time interval divided by that time interval gave the volumetric flow rate of the air.
Then the volumetric flow rate of the air was converted to mass flow rate after its density was

determined (it was assumed that the air behaved as a perfect gas and the perfect gas equation

used to find the density).
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The atmospheric pressure was read from a barometer that is located in the thermodynamics
laboratory while the ambient temperature was determined by use of a thermocouple. The

atmospheric pressure was found to be almost constant during the test period.

All the collector component temperatures, and the ambient air, air inlet and outlet
temperatures were measured directly by use of thermocouples connected to a Delta-T Logger.
The thermocouples were attached to the components by use of supper glue while the air
thermocouples were suspended at the relevant points. The ambient air thermocouple was

shielded from direct sun by use of a soft board that was painted white.

Based on availability, three types of thermocouples were used, that is type J(iron/constantan),
type K(chromel/alumel) and type T(copper/constantan), which had typical errors of 1.5°C,

1,5°C,and 0.5°C respectively.

The readings of the thermocouples were taken to be correct, since when placed in a water
bath assumed to be at uniform temperature they all gave readings that compared reasonably

well with readings from mercury-in-glass and digital thermometers that were placed in the

same water bath.

In thermocouples, temperatures are derived from voltages, hence cable resistance does not
adversely affect the measurements, and thus the length of cables used could not affect the

measurements.

Thermocouple sensors are not themselves very accurate since their output for small

temperature differences is low. Further to this, their accuracy is affected by contributions
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form cold junction temperature errors, which is as a result of non-isothermality, and from

logger input offset voltages.

The Delta-T Logger of Delta-T Devices (Burwell-Cambridge-U.K) used was a programmable
data-logging device, capable of taking readings and storing data from a wide variety of

sources. The Delta-T Logger was considered an excellent choice for logging data in this

experiment.

Computer software was used to program the logger by specifying the type of sensors to be
connected to the logger, and setting it to record data after every single minute. The data
recorded from the sensors was transferred to a computer at the end of every test to create

room in the logger’s memory for more data- for this any type of IBM- compatible computer

running MS-DOS can be used.

The logger had an internal clock that was set to record data at regular intervals of one minute.

The logger terminal is designed to be isothermal under typical operating conditions and is
fitted with a cold junction thermistor for measuring its temperature and for providing a cold
junction reference for the thermocouple measurements. The logger by its design is able to
perform cold junction compensation by adding the cold junction temperature to the

temperature difference derived from the thermocouple voltage.

5.1.7: The Collector Time Constant.

It was necessary to determine the time response of the solar collector in order to be able to

evaluate the transient behaviour of the collector, and to select the proper time intervals for the
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transient efficiency tests. A separate test was carried out to determine the time constant in

accordance to procedures described by ASHRAE Standard 93-77 [35].

The inlet temperature of the air was noticed to be as close to the ambient temperature while
passing the air through the collector, this observation was made at the collector design mass

flow rate and an incident insolation of greater than 790W/m2 for all the pass modes

considered.

The air was allowed to flow for some time, and then the incident insolation reduced abruptly
to zero by shielding the solar collector with a ceiling board that was painted white on the
outside. The board was suspended off the surface of the collector such that ambient air
continued to pass over the collector as prior to the beginning of the test. Then the air
temperatures at inlet and outlet of the collector were monitored continuously as a function of

time. The actual time constant was the time it took the quantity,

t,. *
—2--—— to change from 1.0 to 0.368.
- ff

The above relation together with a plot of the outlet temperature against time enabled the
determination of the time constant.

A series of tests were conducted for the described (section 1.2) modes of air pass through the
collector with the necessary data being recorded at time intervals of two minutes, after which

the data were analyzed.
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CHAPTER 6: RESULTS AND DISCUSSION

One of the main reasons for a theoretical analysis is to be able to predict the performance of a

solar collector as accurately as possible without having to do an experiment.

The following table and figures show the experimental and theoretical modeled results.

6.1: EXPERIMENTAL AND COMPUTED RESULTS.

Table 6.1: TPM Air Temperature Rise and Efficiency. (29/10/2004)
Insolation Experimental Modeled air Experimental Model
(W/m2 air temperature  temperature rise  Efficiency Efficiency

rise (deg. c) (deg.c)

205.6 17.37 21.70 0.407 0.756
244.4 14.63 22.96 0.313 0.786
255.6 12.32 22.91 0.347 0.778
294.4 19.06 19.29 0.324 0.618
322.2 17.53 22.93 0.294 0.812
344.4 17.90 32.89 0.317 0.769
376.7 18.63 25.67 0.624 0.748
388.9 18.37 20.08 0.351 0.764
r405.6 23.45 26.61 0.313 0.760
4111 20.43 25.66 0.320 0.812
433.3 23.36 19.27 0.370 0.837
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455.6

477.8

527.8

538.9

561.1

566.7

572.2

5717.8

583.3

594.4

605.6

611.1

633.3

661.1

1666.7

672.2

683.3

688.9

694.4

700.0

7111

727.8

738.9

772.2

21.28

24.15

21.97

10.63

18.97

18.09

20.78

21.65

21.57

21.85

19.25

24.54

23.89

21.32

23.84

23.15

24.05

24.63

23.91

26.06

25.73

24.93

27.43

24.02

25.97

24.93

20.5

2531

24.27

21.48

22.70

25.95

25.97

25.32

19.52

17.3

24.37

17.14

24.89

17.79

25.70

25.18

38.92

39.16

27.04

25.05

38.07

29.25

109

0.242

0.291

0.255

0.286

0.280

0.295

0.239

0.271

0.326

0.268

0.288

0.191

0.243

0.243

0.235

0.245

0.226

0.228

0.349

0.443

0.313

0.377

0.125

0.289

0.685

0.700

0.668

0.763

0.735

0.727

0.755

0.691

0.691

0.672

0.694

0.699

0.731

0.722

0.748

0.713

0.735

0.755

0.758

0.746

0.754

0.744

0.757

0.780



81LlI

833.3

850.0

888.9

894.4

9111

916.7

922.2

933.3

938.9

944.4

950.0

33.04

21.33

2341

30.84

20.71

25.00

27.06

27.8

324

28.54

31.31

26.24

21.02

36.52

32.54

24.37

29.89

28.64

39.16

38.4

40.88

40.29

41.21

25.09

0.251

0389

0.538

0.235

0.372

0.500

0.443

0.328

0.244

0.266

0.279

0.265

Table 6.2: SPM Air Temperature Rise and Efficiency. (20/ 1/2005)

INSOLATION  Experimental air

(W/m32)
$98.9
606.7
634.4
637.8
672.2
700.0

715.6

Modeled air

Experimental

Temp.rise(deg.c) Temp.rise (deg. c) efficiency

10.00

10.00

10.08

10.16

10.24

11.08

13.24

7.98

8.21

7.77

7.64

8.99

9.39

9.55

110

0.336

0.332

0.320

0.321

0.306

0.318

0.372

0.805
0.776
0.797
0.800
0.764
0.769
0.763
0.763
0.758
0.776
0.760

0.738

Model
efficiency
0.330
0.335
0.332
0.329
0.328
0.334

0.327



7311

742.2

758.9

778.9

795.6

808.9

816.7

833.3

841.1

850.0

854.4

866.7

884.4

893.3

897.8

902.2

906.7

9111

915.6

13.48

15.24

15.00

15.48

15.92

16.00

16.52

16.68

15.96

16.44

16.44

16.16

16.88

16.56

16.32

16.96

16.16

16.16

15.88

10.81

10.70

11.38

10.37

10.85

10.83

1112

1143

11.38

171

11.67

11.99

12.27

12.34

12.56

12.50

12.34

12.59

12.49

111

0.371

0.413

0.398

0.400

0.403

0.398

0.407

0.403

0.382

0.389

0.387

0.375

0.384

0.373

0.366

0.378

0.353

0.357

0.349

0.329

0.332

0.333

0.333

0.333

0.329

0.331

0.332

0.327

0.333

0.330

0.334

0.336

0.334

0.338

0.335

0.329

0.334

0.330



Table 6.3: DMPM Air Temperature Rise and Efficiency. (3/2/2005)
Insolation Experimental Modeled air Experimental Model
(Wim2) air temperature  temperature rise efficiency efficiency

rise (deg. ¢) (deg. ¢

1594.4 13.39 14.20 0.544 0.628
600.0 13.46 14.53 0.542 0.634
605.6 13.45 14.72 0.536 0.636
611.1 13.88 13.68 0.548 0.640
616.7 14.06 14.78 0.550 0.642
638.9 14.56 17.01 0.550 0.643
661.1 15.67 17.83 0.572 1 0.651
666.7 15.68 18.08 0.568 0.655
672.2 15.36 18.24 0.552 0.655
688.9 16.24 18.93 0.569 0.664
705.6 16.40 19.62 0.561 0.672
711.1 17.12 19.84 0.581 0.674
716.7 16.93 20.07 0.570 0.677
722.2 16.80 20.32 0.562 0.680
727.8 17.12 20.46 0.568 0.696
733.3 17.12 20.73 0.564 0.683
744.4 21.91 21.57 0.711 . 0.701
755.6 17.36 21.48 0.555 0.688
766.7 17.60 22.06 0.554 0.696
772.2 18.00 22.22 0.563 0.696
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783.3
805.6
811.1
816.7
827.8
833.3
838.9
844.4
850.0
855.6
866.7
872.2
1877.8
883.3
r888.9

1894.4

Table 6.4: DTPM
Insolation

(W/m2)

544.4
L _
594.4

76056

18.00

18.64

22.9

23.52

19.75

18.16

18.53

19.40

18.72

19.12

1941

18.36

17.84

17.89

17.82

18.08

Air Temperature Rise and Efficiency. (17/2/2005)

Experimental
temp.rise
(deg.c)

9.92

13.28

13.92

22.63

23.47

23.94

24.20

24.49

24.66

24.87

25.09

25.13

2541

25.93

26.14

26.31

26.68

26.70

26.86

Modeled

temperature rise efficiency

(deg. ¢
14.10
15.50

17.94

113

0.555

0.559

0.682

0.695

0.576

0.526

0.533

0.555

0.532

0.539

0.541

0.508

0.491

0.489

0.484

0.488

Experimental

0.425

0.469

0.504

0.699
0.705
0.714
0.717
0.716
0.717
0.718
0.719
0.716
0.719
0.725
0.726
0.726
0.731
0.727

0.727

Model

efficiency

0.714
0.712

0.715



611.1

622.2

627.8

633.3

638.9

644.4

655.6

661.1

666.7

672.2

677.8

694.4

705.6

716.7

722.2

727.8

733.3

738.9

744.4

750.0

755.6

766.7

772.2

777.8

15.52

13.52

12.96

13.04

10.80

14.96

11.68

14.00

14.08

15.20

16.08

17.20

16.96

17.36

18.16

16.08

18.48

16.24

14.08

20.32

16.08

18.00

15.28

17.92

18.20

17.50

18.85

16.03

16.21

18.99

19.42

18.96

23.12

19.86

19.10

20.27

20.50

21.47

22.54

21.71

22.03

22.12

23.47

22.09

22.14

22.61

23.08

21.48

114

0.540

0.470

0.466

0.510

0.439

0.560

0.454

0.539

0.51

0.497

0.469

0.575

0.571

0.576

0.607

0.517

0.562

0.497

0.551

0.601

0.514

0.566

0.464

0.454

0.719

0.718

0.725

0.724

0.725

0.711

0.715

0.691

0.751

0.731

0.739

0.722

0.714

0.723

0.720

0.720

0.724

0.722

0.734

0.711

0.707

0.712

0.721

0.723



783.3

788.9

794.4

805.6

811.1

816.7

822.2

827.8

833.3

838.9

844.4

855.6

861.1

866.7

872.2

877.8

883.3

886.7

888.9

905.6

9111

916.7

922.2

927.8

14.48

16.00

20.72

13.80

19.28

18.32

16.72

17.04

17.04

14.96

22.24

16.48

18.72

20.40

16.48

15.92

15.68

20.24

16.36

18.16

15.36

19.60

19.20

20.72

23.78

23.9

24.16

2441

24.50

21.4

24.49

24.59

24.91

25.42

25.21

25.17

25.54

25.44

25.62

25.77

25.72

25.52

25.87

26.08

26.19

26.20

21.35

26.48

115

0.520

0.490

0.559

0.402

0.574

0.572

0.491

0.497

0.493

0.443

0.624

0.478

0.496

0.534

0.454

0.436

0.415

0.551

0.419

0.499

0431

0.534

0.535

0.536

0.734

0.733

0.736

0.734

0.730

0.723

0.721

0.727

0.723

0.719

0.724

0.712

0.719

0.711

0.711

0.711

0.706

0.713

0.705

0.698

0.696

0.693

0.692

0.692
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Table 6.5: Time constant data. (22rd February 2005)

SOLAR TIME

12:14:28

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

15:

16:

17:

18:

19:

21:

22:

23:

26:

27:

28:

33:

34:

37:

28

28

28

28

28

28

128

128

128

128

28

28

28

19.52

AREXITTEVP (-c)
76.
76.
75,

74.

72

71.

69.

68.

66.

65.

63.

62.

61

60.

59.

58.

57.

56.

55.

55.

54.

53.

52

51.

88

40

36

.80

36

76

80

36

92

.60

48

48

60

64

84

32

44

48

52

27.08

0.514

INSULATION TEVP -c)

34.

34.

35.

35.

35.

35.

35.

36.

35.

35.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

80

86

28

49

61

91

01

91

88

57

20

60

39

13

36.01

35.91

35.

116

97

0.683

ANVBIENT TEVP ¢°c)
30.28
30.00
31.39
32.65
32.48
30.96
32.21
32.72
31.34
32.89
33.27
33.59
30.00
31.95
31.34

1 33.22
32.50
33.06
32.31
30.33
31.71
32.43
31.59

30.81



12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

13:

13:

13:

13:

13:

13:

13:

38:

39:

40:

41:

42:

43:

44:

45:

46:

47:

48:

49:

50:

51:

52:

53:

57:

58:

59:

01:

02:

05:

06:

28

28

28

28

28

28

28

28

28

28

28

28

28

28

28

28

28

28

28

28

28

28

50.

49.

48.

48.

47.

47.

47.

47.

46.

46.

46.

46.

45.

45.

45.

45.

44.

44.

44.

43.

43.

43.

43.

43.

42.

42

42.

42.

41.

72

96

40

76

44

04

80

56

40

80

56

24

92

28

12

72

48

16

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

22

22

22

20

20

18

11

34

07

11

36

59

68

91

85

87

83

117

32.

32.

31.

32.

31.

32.

30.

32.

31.

31.

31.

32.

32.

31.

30.

31.

32.

31.

32.

33.

32.

31.

31.

32.

32.

32.

32.

32.

32.

19

43

25

31

68

21

98

33

08

63

08

07
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This study was aimed at providing a prediction method for the performance of multi-pass
solar air heaters under transient conditions (since they operate on changing weather
conditions). The study involved a theoretical analysis and an experimental set up to validate
the computed values. The solar collector time constant is an important factor in transient

analysis since it helps to know the time step to be used in predictions.

6.2: THE COLLECTOR TIME CONSTANT.

The collector time constant was determined according to the experimental procedure
described in chapter 5. Two sets of experimental data were acquired and graphs of exit
temperature against time plotted, (table 6.5 and figure 6.1). The collector time constant was
determined as the time it took (after covering the collector) for the difference in air exit and

inlet temperatures to reach 36.8% of the initial value.

During the test period, the insulation temperature remained almost constant (2 0c) which
enabled to make the assumption that, the performance of a solar collector is function of

insolation, whereas insolation varies with time.

An averaged value of 27 minutes was reached as the time  constant for the collector
constructed for this work. This meant that, if the steady state analysis were to be carried out
for the collector, the weather data would have to be averaged at intervals of 27 minutes,
which calls for long duration in collecting the experimental data. ThisI value was in agreement
to the time intervals that have been used on quasi-steady state analysis. For instant, Korir(4),
Luti(6), Satcunanathan and Deonarine( 8 ) used a time interval of 15 minutes in their steady

state experimental analysis on multi-pass solar air heaters while Satcunanathan and Persad

(12) used a time interval of 30 minutes.
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The value of time constant obtained for the collector constructed for this study may have
been affected slightly by experimental errors and difficulties that could not be eliminated
completely, such as air leakages, instrumental errors and time delay. This means, if the
constructed collector were to be tested under steady-state conditions, the weather data
(temperature, irradiance and wind velocity) would have to be integrated over a period of 27

minutes in order to determine the thermal performance of the collector.

6.3: CORRELATIONS:
In this study, a flat-plate collector was considered and was positioned on horizontal plane
hence the effects of the angle of incidence were negligible. This made it possible to work

with no correlation for the computation of the collector incidence angle modifier.

Of all the parameters used in developing this model, the heat transfer coefficients were the
most difficult to estimate accurately. This is because most sources of the heat transfer
correlations do not clarify on what correlation to be used especially for solar air heaters

which are additional equipments in the field of heat exchangers.

Hodge (56) gives correlations for forced convection heat transfer coefficients for laminar

flows (Rew Z 5x 105with 0.1 < Pr ~00) and turbulent flow (ReDA>5x105 with

I
Pr > 0.5 for flows over flat plates. These correlations are applicable to low-speed flows

(Mach number Z 0.5 ) of gases and liquids, where all the physical properties are obtained at
the mean film temperatures. These correlations could be used, but it was not possible since
there is no mention of the operational characteristics encountered in solar air heaters such as

flow between parallel flat plates when one is heated and variation of the incident heat energy.
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The Colburn correlation (42) for fully developed turbulent flow could also have enabled the
determination of the forced convection heat transfer coefficient but it was developed for
internal flows in pipes and then adopted for flows in non-circular channels by defining a

hydraulic mean diameter. These correlations are for turbulent (Rew >10000) flows in smooth

tubes with Prandtl numbers of 0.7 160, and hydrodynamic entry length of B>60- The

range of Reynolds numbers encountered in flat-plate air heaters are below the given limit and
the Prandtl numbers are 0.5 < Pr ~ 1, and the issue of hydrodynamic entry length becomes

difficult to define, hence the correlation was not suitable for use in this study.

Shewen and Hollands recommends the use of a correlation that was developed based on data
by Kays and London. (As Jansen T. J describes (55)) This correlation is recommended for
solar air heaters operating in the range of Reynolds numbers from 2000 to 10000 This range
is considered suitable for commercial forced convection collectors where the flow is usually
in the turbulent region (2000 Z Re Z 10000) and has large mass flow rates. The absorber of a
solar air heater used for space heating and drying crops (category of the collector used in this
study) consists of a wide, shallow duct with laminar or low turbulent air flows, hence this
made it difficult to consider the use of this correlation. Again, when values of this correlation
where compared with experiments and other correlations, where slightly lower (22.14%

lower.)

Kabeel and Mecarik (17) calculated the forced convection heat sransfer coefficient between
the air and the two plates of the solar air heater or between the air and the glass cover from a
correlation that appeared simple to use. They did not give a range of the Reynolds and
Prandtl numbers for which the correlation should be used. When the correlation was

compared with experiments and other correlations, it gave much higher values (106% higher)
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which seemed unreliable in this study. Also their work considered divided air streams in

collector and streams made only a single pass in one direction.

Korir (4) used a correlation that gave almost similar values to those obtained when the
correlation recommended by Beckmann and Duffie (15) was used. In actual sense these two
correlations are same only that, the one used by Korir had a term of Prandtl number. The
Beckmann and Duffie correlation has assumed a constant value for the Prandtl number (Pr
=0.722). Both correlations are recommended for use in determination of the forced
convection heat transfer coefficient between parallel plates only when one plate is heated.
The Beckmann and Duffie correlation (equation 3.31) was adopted for use in this work since
it gave reasonable values when related to the experiment, and the Prandtl numbers
encountered were also in the recommen<ded range (0.688 to 0.730) when using this

correlation.

In solar collectors operating on windy conditions, the collector- to- ambient air heater transfer
coefficient is very important. The forced convection heat transfer loss effects during the hours
of collection are critical, because if these losses are large the collection efficiency can be
lowered significantly whenever the sun heats the collector above the ambient temperature.
The external heat transfer coefficients are static in that; any change in wind direction or speed

will change them, so a correlation that is reliable should be chosen.

Jurges in his study on heat transfer loss coefficients used a 50 cm by 50 cm plate with sharp
edges, positioned vertically and parallel to the wind, and heated with steam
(Presumably at 100° C). (As described by Francis de Winter (57)).From this he recommended

a correlation for use in determination of solar collectors’ heat transfer coefficient on windy
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conditions. The correlation is a dimensional equation that covers two different wind velocity
ranges. It is appreciated that most collectors are much larger than 50 cm by 50 cm and that
they do not start with a sharp edge, so because of this the heat transfer coefficients of Jurges
are too high for the higher range of wind velocity. The Jurge equation is considered suitable
for use in cases where the wind velocities are in the lower range. Due to its simplicity and the
fact that the wind velocities encountered in this study were too low, the Jurges equation

(equation 3.33) was adopted for use.

The rate of heat transfer between two parallel plates is of importance in the performance of
flat-plate collectors. Free (natural) convection heat transfer data are usually correlated in
terms of two or three dimensionless parameters (Nusselt number, Raleigh number and Prandtl

number.)

Several correlations have been commended for use in the determination of free convection
heat transfer coefficient. For instance, Kabeel and Macarik (17) used a simple correlation that
did not consider the collector angle of inclination. Of all the correlations encountered, the one
of Hollands etal (equation 3.29) was adopted for use because it covers a wide range of the
angle of inclination of the solar collector and also is gave reasonable values compared to the

others, as described by Duffle and Beckman (15).

6.4: THE SOLAR COLLECTOR CONSTRUCTED.

The performance of the collector depends mainly on the weather conditions, design and
operating parameters (mass flow rate, collector area and material). To estimate the optimum
values for the operating parameters in different weather (for this case transient) conditions

using full experiments is costly and time consuming. Therefore the development of a
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computational model offers a better alternative and is expected to prove to be a powerful tool
in evaluation of the performance of solar collectors under changing weather conditions. In
this study, transient analytical expressions are obtained for various temperatures of the
collector components and the flowing air. The obtained model represents an extension of the

steady state expressions represented by Korir (4) and Luti (6).

The solar collector is a main component in harnessing of thermal solar energy. Its
characteristics represent an important factor to the performance and efficiency of any solar
unit. The solar collector used had an absorber plate which had its upper surface painted matt
black to increase the absorptivity of the system. The absorber plate was covered with two
glass covers of high transmissivity to solar radiation, under the absorber plate was a back
plate which together with the casing were well insulated to reduce heat losses to the ambient
air. The air passed through the gaps between the glass covers, absorber plate and back plate

according to the desired mode of flow.

6.5: THE DEVELOPED MODEL.
In this study, solar radiation (I), ambient temperature and wind velocity were considered

perturbations that affect the solar collector due to their random behaviour.

The theoretical model developed depends on the energy equation for each part of the solar air
heater. Some assumptions were made to be able to develop this model (section 4.1), the main
ones being, the flow in the collector is one dimensional, and incompressible, unsteady state

conditions prevail, and viscous dissipation of heat is negligible.
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The model involved developing differential equation based on thermal energy balances and
then solving them numerically by use of finite difference method to obtain expressions for the
present temperatures. To obtain numerical value, the model requires an initial guess of the
collector components and flowing air temperatures, with the input of the experimental
measurements of insolation, ambient temperature and wind velocity. This required the use of
a computer program which was written in Fortran 90 (Appendix 6). The obtained model
allows the assessment of the collector performance for variable solar intensity levels and
ambient temperature. The computer program was organized such that on inputting the data

the program runs till convergence.

6.6: VALIDATION OF THE DEVELOPED MODEL.

To validate the proposed model, experimental measurements were made. During the
experiments, the parameters affecting the performance of the system were constantly
monitored; these were used to validate the developed model. The values of solar radiation,

tlit I

ambient temperature and wind velocity were used as input for the computational model.

To facilitate the understanding and acceptance of this approach, the recommended test
sequence, mounting and other test requirements were closely connected to those widely
accepted for steady- state or quasi-steady -state testing of solar thermal collectors as outlined
in e.g., ASHRAE Standard 93-77(39 ), FSEC-GP-5-80 (40 ), 1SO 9806-1 and ISO 9806-3.
However, test data needed to contain more and the proper information to be able to identify
the non-stationary behaviour of the developed model due to changing weather conditions. But
depending on the actual weather conditions at the test site steady-state testing can require
more test days due to its requirements for clear sky conditions around solar noon. The main

difference however, is that the measurements in this study can be made during any time of
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the day from early in the morning to late in the afternoon instead of a few hours around solar
noon each day. By being able to perform the test any time, the total solar irradiance at the
plane of the collector was allowed to vary between 150 to about 980 Wm'2, and there were
partially cloudy conditions during the test period, which made it possible to be in a position
to identify the dependence of the performance of solar collectors on weather conditions. The
following measurements were made;

» The global solar irradiance at the collector surface.

» The ambient wind velocity.

» The air flow rate. (Held constant for all the tests).

» The temperature of the flowing air at the collector inlet and outlet.

» The temperatures of the two glass covers, absorber plate, back plate and the back

of the insulation.

6.7: EQUIPMENT AND DATA ACQUISITION.
Thermocouples were used to measure temperatures of the various components and the inlet
and outlet temperature of the collector as functions of time. The surrounding air temperature
and total solar radiation incident on the solar collector were also measured. All thermocouple
sensors were connected to a Delta-T- logger data acquisition system. During the
experimentation all the parameters were measured and recorded every two minutes for
duration of about three hours for each experiment. It is worthy to mention the following
points about the experimentation;

« Several experimental tests were made for each mode of air pass and they gave almost

similar results.
» A single collector was used for all the modes studied; hence comparing them directly

in this work possesses some limitations due to different weather conditions.
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» All the experimental tests were carried out at the same location.

» Only flat-plate collectors on horizontal plane were considered.

6.8: Experimental and computed Graphs.

TEMPERATURE VERSUS SOLAR TIME

Tlm« (Min.)

Figure 61: Tim* constant
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Figure 6.2: TPM Solar Insolation versus Solar Time (29/10/2004)

WIND VELOCITY(m/«) VERSUS SOLAR TIME

Figure 6.3: TPM Wind Velocity versus Solar Time (29/10/2004)
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2 6.4: SPM Insolation versus Solar Time (20/01/2005)
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Fig. 6.5: SPM Wind velocity versus Solar Time (20/01/2005)
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Figure 6.6: DMPM Insolation versus Solar Time (03/02/2005)
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Figure 6.7 DMPM Wind Velocity versus Solar Time (03/02/2005)
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Figure 6.8: DTPM Insolation versus Solar Time (17/02/2005)
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Figure 6.9: DTPM Wind Velocity versus Solar Time (17/02/2005)
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3. 6.i0 GRAPHS OF TEMPERATURES AGAINST SOLAR TIME, TPM (29/10/2004)
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Figure 6.19: TPM Air Temperature rise versus Solar Insolation.(29/10/2004)
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Figure 6.20: SPM Air Temperature rise versus Solar Insolation.(20/01/2005)
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Figure 6.21: DMPM Air Temperature Rise versus Solar Insolation. (03/02/2005)
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Figure 6.22: DTPM Air Temperature Rise versus Solar Insolation. (17/02/2005)



TPM EFFICIENCY VERSUS INSOLATION

Figure 6.23: TPM Collector efficiency versus Solar Insolation. (29/10/2004)

SPM EFFICIENCY VERSUS INSOLATION

Figure 6.24: SPM Collector Efficiency versus Solar Insolation. (20/01/2005)
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Figure 6.25: DMPM Collector Efficiency versus Solar Insolation. (03/02/2005)
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Figure 6.26: DTPM Collector Efficiency versus Solar Insolation. (17/02/2005)
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Figure 6.27: SPM Experimental and Modeled Air Temperature Rise.

DTPM EXPERIMENTAL AND MODELED AIR TEMPERATURE RISE

Figure 6.28: DTPM Experimental and Modeled Air Temperature rise.
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Figure 6.29: DMPM Experimental and Modeled Air Temperature rise.
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Figure 6.30: TPM Experimental and Modeled Air Temperature rises for selected points.
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Figure 6.35: TPM computed and experimental temperatures on one graph.
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Figure 6.36: SPM computed and experimental temperatures on one graph
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gure 6.37: DMPM computed and experimental temperatures on one graph.
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Figure 6.38: DTPM computed and experimental temperatures on one graph



6.9: DISCUSSION OF EXPERIMENTAL RESULTS.

To validate the model developed, a series of experimental measurements were carried out
during which the solar insolation, wind velocity and ambient air temperature were recorded.
These data were plotted as functions of solar time to enable the understanding of how they
are related to the performance of solar air heaters. The data was recorded for each mode of air

pass through the collector.

From graphs of insolation (figures 6.2, 6.4, 6.6, and 6.8) it can be seen that the solar
insolation keeps on changing depending on the time of the day. From the figures it was
observed that the insolation reaching the collector surface is influenced by cloud cover and
time of day and, was maximum at solar noon, hence testing solar collectors at hours around
solar noon might not be appropriate to give enough information on the expected performance
characteristics. With the recorded solar insolation data, a direct comparison between the
modes of air pass cannot be made since they experienced different variations of the incident

radiation.

The wind velocity values recorded were too low (about 0.18 to 2.0 m/s) with the average
value on each day being approximately 0.9 m/s .These values were in the lower range of wind
velocity recommended by Jurges in his experiment, hence qualifying the use of Jurges
equation for determination of forced heat transfer coefficient due to wind in this study.(As
noted by Francis de Winter (57)). According to the wind velocity data recorded it is difficult
to tell the effects of wind on performance of solar collectors from experiments. This is
because the wind velocity and direction keeps on changing through out the day. This makes it
necessary to have computational models for performance prediction, which is a main aim of

this study, (figures 6.3, 6.5, 6.7 and 6.9).



From the experiments it was found that the ambient air temperature had a variation of about
+4° C within the day’s average value, which was slightly different on each day of
experiment. This variation implies an effect on the flowing air inlet temperature hence

affecting the solar collector performance.

From the experimental temperature graphs (figures 6.10, 6.11, 6.12, 6.13 and 6.14) which
relate temperatures to insolations, it was observed that in all modes of pass, the absorber plate
had the highest temperature followed by the flowing air outlet temperature then the back
plate. Comparing the individual component temperatures for the different modes of pass in
this work, might not be possible because all the experiments were done on different days

which mean different weather conditions.

On comparing the solar insolation to the component temperatures, it is clearly evident that the
solar insolation has a direct effect on solar collector performance. At times when the solar
insolation changed, the recorded component temperatures changed with a lag of about 5
minutes. This lag is attributed to the heat.capacity of the collector materials, and the lag
justifies the need for a transient prediction model that is able to respond to a changing
weather. At times when the solar insolation increased, the experimental component
temperature also rose. ) )
tl  Munvidual component temporal, -s .u t-vit '* n
For the single pass Imode (SPM)H(figure 6.11, the difference between the absorber plate and
the exit air temperature was greater compared to the multi-pass modes, this meant a low
collector efficiency for the SPM as expected.
e K V << | KKICL c

On comparing the wind velocity data (figures 6.3, 6.5, 6.7, 6.9 and Appendix 3) with the

component temperatures it is evident that the effects of wind velocity in this work can be
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neglected with no error due to the low wind velocities encountered during the period of the

experiment.

The experimental ambient air temperature data indicated that, all the component temperatures

were proportional to the ambient temperatures.

The collector component temperatures were observed to have higher values immediately after
starting the experiment (especially on days when the experiment started at late hours of
morning) this was because of the heat capacity of collector which is expected to result to high

transient effects during the start of operating the solar collectors.

6.10: THEORETICAL COMPARISON BETWEEN THE FOUR MODES.

To obtain the program computed data, the individual collector programs were executed by
use of same collector operating parameters (collector area, material properties and air mass
flow rate.) The weather input data were the ones obtained experimentally on the days when

the experiment for the concerned mode of air flow was carried out.

Appendix 5 presents the theoretically computed temperatures while figures 6.15, 6.16, 6.17
and 6.18 show the variation of the theoretical temperatures with solar time for all the modes
of flow, and according to the figures, it depends on the available solar insolation. The
absorber plate temperature are highest around solar noon when the insolation values are

maximum and then drops gradually as expected from experimental results.



Also it was observed that, all the other temperatures computed followed the trend of the
absorber plate temperature which is generally expected since the absorber plate acts as the

source of heat for all the other collector components.

The theoretically computed temperatures indicated that the flowing air exit temperature was
close to the back plate temperature for all the modes of air pass, but it was noted that for the
DMPM and TPM it was closer than for SPM and DTPM, (figures 6.15, 6.16, 6.17 and 6.18).
This was attributed to the fact that the air does not have enough time to come in contact with
the heated absorber plate, since it comes into contact with it only once and, that is under the

absorber plate, (figures 1.1, 1.2, 1.3 and 1.4).

In all theoretical temperatures, the top glass cover temperature was the lowest. On comparing
the differences between the absorber plate and the top glass cover temperatures, it was
observed that the difference was greatest for the TPM, followed by the DTPM, then the
DMPM, with the SPM having the smallest difference. This is attributed to the fact that the
flowing air between the glasses in TPM and DTPM cools the glass hence able to minimize
heat losses from the collector to the surroundings due to temperature difference. These
differences were high at higher solar insulation input values for all the four modes of air pass

through the collector.

Also, figures 6.15, 6.16, 6.17 and 6.18 indicate the instantaneous changes of the collector
component temperatures with time. Since the input data to the theoretical models were
experimentally measured, these figures reveal the transient nature that exists during the
operation of the collector due to changing weather conditions. The four modes indicated

similar nature of response to changes.



From figures 6.17 and 6.18, it can also be seen that, for the cases of double pass, the exit air
temperature is slightly higher for the DMPM where the air flows on the upper surface of the

absorber plate than for the DTPM where the air does not flow over the absorber plate.

From figures 6.15, 6.16, 6.17 and 6.18, it is also seen that, there is good agreement between

the predications of all the models.

The glass covers temperatures were not affected more by abrupt changes in the input weather
data, but took time to respond to the changes. This is attributed to the low heat capacity

values of glass.

Figures 6.19, 6.20, 6.21 and 6.22 show a plot of flowing air temperature rise as functions of
solar insolation. It was observed that the TPM theoretically had the highest values of air
temperature rise for any given value of solar insolation, with the SPM having the lowest
value. And the air temperature rise increased with increased insolation values for all the

modes of air pass considered.

The DTPM and DMPM values of air temperature rise were almost the same, but the DMPM
was slightly superior. These figures indicated changes in the computed air temperature rise
for a particular input value of solar insolation, for all the modes of air pass. This is attributed
to changes in the other input values (time, ambient temperature and wind velocity).Hence it is

clearly evident that the performance of a solar collector is of transient nature.
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Since temperature rise is a good factor to use when comparing collectors to use for crop
drying, the developed model can be used successfully with no error in selection as it takes

into account the transient effects due to change in weather conditions.

When the solar insolations (figures 6.2, 6.4, 6.6, and 6.8) were compared to the computed
theoretical temperatures (figures 6.15, 6.16, 6.17, and 6.18) it was observed that they
compared in trend. This means the transient collector model developed is able to realize the
time lag between the two (as observed by Luti (13)). This suggests that the use of the model
developed in this study can be justified for use in prediction of solar collector performance
when prolonged nearly constant insolation periods do not prevail during the time of

experimental tests.

Figures 6.23, 6.24, 6.25 and 6.26 show the collector efficiency for the four modes of pass as
functions of solar insolations. From the figures, it is seen that, this model predicts almost
constant values for the collector efficiencies on all models of air pass, although the DMPM
model showed a slight increase in collector efficiency with an increase in solar insolation.
From the model results, the TPM had the highest efficiency values, followed by the two
double pass modes, with SPM having the lowest values. According to the model, the
collector efficiency is supposed to be a constant. This was so because the air temperature rise
is directly proportional to the solar insolation. On basis of efficiency, the model was able to
agree with other prediction relation that, the more the passes in the collector the superior in

performance the collector is.
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6.11: COMPARISON OF THEORETICAL WITH EXPERIMENTAL RESULTS.

Figures 6.10, 6.11, 6.12, 6.13 and 6.14 shows the experimental temperatures while figures
6.15, 6.16, 6.17 and 6.18 shows the theoretically computed temperature as functions of solar
time. Figures 6.35, 6.36, 6.37.and 6.38 show the computed and experimental temperatures for
the absorber plate and air. In both cases the absorber plate had the highest temperatures for
any given solar insolation value, while the top glass cover had the lowest. Comparing the
experimental figures to the theoretical ones, it is seen that there is good agreement between

the predictions of the models and the experimental results.

On comparing figures 6.11 and 6.16 for the SPM, it was observed that the initial experimental
temperatures are higher than the theoretical by about 14° C, but drops soon after starting the
experiment to almost the same values. The glass covers in both cases showed almost the same
temperatures. The experimental air exit temperature was slightly higher than the theoretical.
Also on further comparison, the experimental results had a time lag in responding to changes
in weather conditions. Figures 6.20 and table 6.2 indicate that, at high insolation values, the
air temperature rise was higher for the experimental case as compared to the theoretical
model, but at low values of insolation (below 700w/m2) the air temperature rise was the

same. On observing figure 6.24 a similar observation was made for the efficiency.

Figures 6.14 and 6.18 compare the experimental and theoretical results for the DTPM mode
of air pass through the collector. In this, it is again observed that the initial experimental
temperatures are higher than the theoretical by approximately 12°C.In both cases, the flowing
air exit temperatures were in the same range, but table 6.3 and figure 6.22 indicates that the
theoretical model gave a higher air temperature rise than the experimental set up at almost all

the levels of solar insolation (about 7° C higher).Again table 6.2 and figure 6.24 indicate that



for DTPM, the model gave a higher collector efficiency ( an average of 0.71) than the
experimental set up which gave an average of 0.45.Although the experimental and modeled
air exit temperatures were not in good agreement, the collector efficiency confirmed an

agreement of the model to the experimental results for DTPM.

Figures 6.12 and 6.17 present the experimental and modeled temperatures for the DMPM. It
is seen that the initial experimental temperatures were higher than the theoretical by about
7°C, but they dropped immediately after proceeding with the experiment. From the figures it
can be seen that at higher values of solar insolations, the modeled temperatures were slightly
higher, but were also again lower at low values of insolation than the experimental. Table 6.4
and figure 6.21 show that the model gave a higher air temperature rise than the experimental
set up (on average 3°C higher.)But the trend in variation for temperatures due to changes in
insolation levels were similar, although figure 6.21 indicates a fall in experimental
temperatures at higher insolation levels (above 800 w/m2) which is attributed to experimental
errors and the heat capacity of the collector. Figure 6.25 shows the variation of collector
efficiency with solar insolation, it indicates the same trend as observed with the case of
temperatures. At all levels of insolation, the theoretical model gave higher collector
efficiency than the experimental set up. All the figures discussed above indicate that there
was good agreement between the DMPM predictions of the model and the experimental

results.

Figures 6.10 and 6.15 present the TPM experimental and theoretical temperatures. Once
again it is also noticed that the initial experimental temperatures are higher than the
theoretical by about 10°C, after a short while the theoretical temperatures dominated. The

glass cover temperatures were nearly the same in both cases. The theoretical results show a



good respond to changes in insolation than the experimental results. Also at high levels of

insolation the theoretical temperatures were higher.

Table 6.5 and figure 6.19 show the air temperature rise for the TPM for both the experimental
and theoretical cases. It is evident that in both cases the air temperature rise was nearly the
same at all levels of insolation, but there was a lot of scatter due to frequently changing
weather conditions during the collection of the data. This indicates that the TPM model is
able to respond to transient conditions as it was in good agreement with the experimental
results with no great difference. On figure 6.23 which compares the theoretical and
experimental collector efficiencies for TPM, it is seen that the theoretical efficiency was
higher than the experimental efficiency by about 0.4 (52%).This is attributed to the

difficulties experienced in setting up the TPM experiment

Figures 6.27, 6.28, /@.29 and 6.30 represent diirie{ﬁ'ﬁrcomparison of experimental and theoretical
air temperature rises for selected points from the recorded and computed data. Figures 6.28,
6.29 and 6.30 indicated that the model gave slightly higher values for air temperature rise
than the experimentally recorded values. The TPM values differed by about 5°C while the
DTPM and DMPM values differed by about 14°C. All the figures indicated the same trend of
the modeled and experimental air temperature values which was a clear indication on the
suitability of the developed model for prediction of solar air heater performance on multi-

pass modes. Figure 6.27 gave contradicting information to the other figures (6.28, 6.29 and

6.30), since the experimental air temperature rises were higher than the modeled.

A view of all the collector component temperatures shows that the TPM and DMPM air

passes responded well to the theoretical model developed with small errors than the DTPM
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and SPM air passes. The observation that the initial experimental temperatures were higher
than the theoretical is attributed to the effect of heat capacities, the initial guesses made for
the input values to the model program and the effectiveness of the stabilization period
allowed before the experiment. Since the model was able to adjust after the initial guess, the
difference confirms the need of a transient model in order to make predications of the

collector performance in situations of changing weather conditions.

The characteristics of the thermal performance of the collector in the four modes of pass were
analyzed statistically. This involved comparison of the predicted and experimentally
measured performances through the Hottel- Whillier- Bliss equation, standard error and
coefficient of correlation. Figures 31 to 34 indicated good thermal performance of the
collector by the computational prediction when examined from the Hottel- Whillier- Bliss
equation as compared to the experimental data. The triple and double pass modes had the best

I k

correlation with the single pass mode having the poorest respond to the correlation.

When subjected to variation statistics, the predicted data had smaller standard deviations
(0.018 to 0.021) when compared to the experimental data (0.027 to 0.096). The coefficients
of variation for the computational predictions were between 2.4% to 5.6% with the TPM
having the lowest while the SPM had the highest. The case was different for the experimental
data where the coefficients of variation were between 10.5% and 35.8% with the SPM having
the highest value and the TPM the lowest. The great difference between the computational
prediction and the experimental results when analyzed statistically was attributed to the
experimental difficulties encountered in setting up the experiment and also due to the

transient nature of the weather conditions under which the collector operated.
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The superiority of the TPM and inferiority of the SPM was once again revealed by the
statistical analysis by the fact that the TPM had the lowest values and standard deviations

(0.0183) and coefficient of variation (2.4%) while the SPM had the highest.

To be in a poison to obtain the Hottel-Whillier- Bliss equations for the collector, the method
of least squares was applied to the thermal efficiencies to give a linear correlation of the data,
after which the coefficient of regression was calculated.(The higher the value of the
coefficient of regression, the stronger the correlation, with the coefficient lying between -1
and +1.) The coefficient of correlation (0.25- 0.42) for the computational prediction
developed in this study indicated how stronger it was when compared to the experimental
approach (0.11- 0.21).Once again the TPM had the coefficient of correlation followed by

DMPM, DTPM and SPM in that order.

From the foregoing discussions, it is noted that the TPM gave the superior results both
experimentally and theoretically in terms of air temperature rise and collector efficiency. The
DMPM was ranked second in performance although it gave almost the same results as the
DTPM. The SPM had the worst respond to the developed model and also was found to be
inferior in terms of coIIect.or perfor.mfan.ce. Tn%fuperiority of the TPM, DMPM and DTPM
were attributed to the long time the air was allowed to be in the collector due to the several
passes and also due to the effective cooling of the glass covers. This was reflected in the

developed model.
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As it can be seen from the results, there were slightly differences between the modeled and

experimentally measured values. This could be due to:

The choice of the initial input values to the model program which were an
approximation. The approximate is required to be close to the expected values in
order for the program to converge fast.

The heat transfer coefficient correlations used which are approximations to the
expected nature of heat transfer in collector.

Instrumental and recording errors which could not be completely eliminated.
Experimental difficulties encountered such as leakages, respond time in recording
data and accurate position of the collector on a horizontal plane.

The heat capacity of the collector may not have been well represented due to all the

above noting.

It can be said that, the theoretical model I0|eve|oped in this thesis described the performance of

the collector under transient conditions reasonably well.

On the basis of the findings in this study, there is some agreement to the conclusions made by

others, in the literature. Kabeel and Mecarik (17) found that increasing the absorber area

increased the collector performance. Their model was transient in nature but it considered

divided flow in only one direction for triangular and longitudinal fined absorber plates which

was different from flat plates. They were able to confirm an air temperature rise of 57.7°C

and an efficiency of 0.657.But their work considered a range of air flow rates (0.005 to 0.05

kg s'1) while in this work the mass flow rate was held constant at 0.0324 kg s’land a

maximum collector efficiency value of 0.831 was attained for the TPM. The TPM has the

largest area of contact for the air in the collector hence it gave the best performance.
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Korir (4) developed a steady state model for predicting the performance of solar air heaters.
In his findings he was able to conclude that the TPM was superior to the other modes of air
pass, with the SPM being the inferior in performance. The order in performance was also
confirmed by Luti (6) who also considered a quasi-steady- state analysis of the performance

multi-pass solar collectors.

Although the present model is based on transient analysis, it is in agreement with the findings
of Korir(4) and Luti (6), that the single pass made is inferior in performance when compared
to the multi pass modes ( DTPM, DMPM and TPM). Since the present model was validated
experimentally and the same order of ranking obtained, it shows the approach used in this
thesis will add value in predicting the performance of multi- pass solar air heaters operating
under changing weather conditions.
AT & o1, 1

Although most of the existing literature is on steady-state, the findings in this thesis do agree
with such findings, hence the predication model is in a capacity to give transient predictions

of solar collectors.



CHAPTER 7: CONCLUSIONS, LIMITATIONS AND

RECOMMENDATIONS.

7.1: CONCLUSIONS.

The objective of this study was to obtain a transient theoretical model that can be able to
predict the performance of solar collectors when operating on transient conditions (changing
weather conditions). The obtained model can be used to predict the performance of solar

collectors operating under transient conditions in the four modes reasonably well.

Developing the model involved taking an energy balance for the collector components then
forming differential equations that were solved numerically. A computer program was written

in Fortran 90 (appendix 6) in order to facilitate in generating the required data from the

model.

The obtained model was validated experimentally and there was good agreement in the
results obtained for both cases. To use the model requires an input of weather data, such as
insolation, wind velocity, ambient temperature and also the collector parameters (area, mass

flow rate, and properties of the materials used in construction).

The introduction of this transient solar thermal collector performance prediction model is
Bl »im kI>me |44\

expected to bring a benefit in the thermal solar technology world, since it requires a set of

input data which can be used repeatedly on a number of collectors if their construction and

operating parameters are known. Also the model offers a complete prediction when compared

to the present steady- state prediction methods.
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The capability of the model to respond to varying weather conditions gives it an added
advantage since its results offers a better reflection on the performance of the collector on

conditions that might be encountered during real service of the collector

The collector model has the same base and is directly comparable with present steady-state
models.

From the theoretical model it was found out that:

I. The triple pass mode is superior to the other modes at all insolation levels
Il. The performance of the double pass modes (DTPM and DMPM) were almost the
same but the DMPM tended to be better than DTPM in most cases.
Il. The single pass mode is the most inferior as compared to the others for all the
ranges of insolation levels encountered in this study.
IV. The developed model did not fit well in prediction of solar collector thermal
performance for SPM as compared to other modes.
V. Since the wind velocities encountered during the experiments were too low, wind
had a negligible effect on the solar collector performance effects in this study.
Since the transient model developed in this Thesis was validated and found to fit well to the
experimental data, and also confirmed similar results to other models, it can be used

| "M

successively to predict the performance of multli-pass solar air heaters which was the aim of
>

this work.



D

2)

3)

4)

7.2: LIMITATIONS:

The model developed in this thesis requires an initial aproximation of the collector
component and flowing air temperatures, which should be close to reality.

To use this model, input data of insolation, ambient temperature and wind velocity
measured experimentally are required.

This model has not compared the effect of changing the collector parameters such as mass
flow rate, area and construction on the predicted performance characteristics; these are
expected to have optimum design values.

This work concentrated on a two glass cover solar air heater operating on single, double

and triple pass modes under transient conditions.

7.3: RECOMMENDATIONS FOR FURTHER WORK:

D

2)

3)

4)

The heat capacity of the collector be determined, since there is likely to be a lag between

insolation and temperature of the collector or air and these affects the theoretical

prediction.

A major possible source of deviation of the theoretical predictions were the heat transfer

coefficient correlations since the existing ones are outdated hence there is a need for

further study on heat transfer coefficients for solar collectors.

The Jurges equation for forced convection by wind over the collector surface has an over

prediction since even in the absence of wind it presents a coefficient for wind heat

transfer, so it needs to be reviewed.

The model developed in this the?is used coinstant values for mass flow rate, collector area
» .0

and construction parameters. Hence there is a need to investigate the effect of these

parameters on the model.
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APPENDIX 1

SIMPLIFICATION OF DMPM EQUATIONS.

1 TOP GLASS COVER.

PSthEJEj_XC'F')‘ A °.f.- h»CT,-T.) - hM(T,-T.) + h, (T,-T.)

dx T. - 2T +T,
+ 1>,(T,-T,) - k.bt.

bdx (Ax)2
Or,
T =T+ - -N/(T t- T) - hr*At (T.-T.)
Rs'qC g Rs'gCrg pgSsS.
N ‘ k,At .
+-2L (e-T )+ hrjAt (T,-T ) -----mmmomee- J(Tw - 2T, +T3
PAS,1 PAS/ P«S.(AX)2
On using;
hu+ hB = h,
K + hr, = h.
1 _ A
Egtgcm
k’l - B
Pon, (AX)
We get,
T' - T,+ AA<G.f,-AAth.(T,-T.)+ AAth{T,-T,)-BAt(T,M -2T,_+TW )
, f A |
Expanding;
T?-T,+ AAL[G,f,+h.T.+b,T1-C1T,]- BAY(TH -2T, +T,J (1.1)
Where,

C3=hl+ h.
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2. FIRST GLASS COVER.

p»v,,s rA r *0>fmh"(Ti_T') m h-(r' _T") "h*<T- v

dx T'*» o 2T'*» + T.*x-A»
+ |V,<T* -T> - k.ht, bdx

(Ax)2
Or,
G f.At h. At hr At \ hf At
— - *--(t -T.)V ------ rS—---('I'. -T ) —-—--
Ptee Rt Pot§ ». Rt§
hr At . k At/ X
+ — (T. -T.)-—-——- 2—-(t. -2T. +T. )
PgtgCp, V '*  pgep, (Ax)2 ' 14 e u =

On using the already defined constants (A and B).

T1=T, +AGif At+Ah AL(Tr)-T 1) -AhAL(T, - Tt)
-Ahfi A(T, “Tta) "BAYT, - 21, + TA")

Where, h,, + h" = h,
Hence,
A = T,+ AALGfl + hw Ttb+ htT,+ hfi - DZT] - BAt(T~ - 2TU+TAH)

Where,D‘: h':bl+ h51+ hl'

3. FLOWING FLUID IN THE FIRST FLOW CHANNEL.

oo, =X T el e n ToTR) " e T
T 4. - 23T = 7 *1 1 - - -ax
Pl Cﬁ bdx At v 1l * % bdx R dx

Rewriting,

T, = Tf+-hI'A(T,-Tfa)+ hf"AL (T, -Tfa) - mAt TF-" Tip
-’ Ptfop fal PrAs/ J PAb  Ax
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Onusing,

m -
Pr, tf, bAX

X.- T,+Hh, AY(T, -T*)+H Hu A>¢1-T 1) -J,AL(TA - T,]

Or,

t; - T,+ HAt(hFfIT, r-hrT, -K,V) -\ ) (1.3)

Where,

hiy+ hf = Ky

4. ABSORBER PLATE.

dx -Tn

P*t**c - GifY’ - h177 T - Tll T*- TY” - A T77-T*
o bdx At (T» ) ( ) ( )
dx (V . - 2T* +T-
(AX)
Or,
i GLAt he At / \ H At/ \% At .
1) WM aTr) - TTA—(T- -T-) o F = (T.-T)
P.bUS* . : p ) Pegr
hr At
On using;

177



P*S*(AX)J
h" = h>

hr~= h%
Tj, =T+ EG.AAt - EhMALCT*- T*) - EhfAY(TA- Ttej) - ERAICT* -T)
- awMcr. -T,) - FAY(T,_- JT..+T .J

Or,
t, =T,+ EA{G+ hu TA + hrT,,,+ h,,T, + h,T,- G, TJ
(1.4)
- FAY(T» ,-.- 2T«, + T» .J
Where,
G3 = hfia+ hfa2+ h*
5. FLOWING FLUID IN THE SECOND FLOW CHANNEL.
"5 pax V " h-~(T* + - “0p.A— ta
Rewritten as,
2 TR Ve e~ NV
=T + — <T* Fr’*Cr - . -
PR X f P f2faCPf b ¥
Letting;
1
= h4
Prtfc,,
m —
Pfatf2bAX J
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A-T 11+ H,htA|CI’- T,,,) + Hh, At(T,,' Tto]) b - T’V)

Where, h, = hf and hf = hf

On factoring common terms, we get;

H - T,+ HAthT,+ h,JB- KT,,]- JAICTA- T ) (15)

Where,

K4=hf2+ h fk

6. BACK PLATE.

o dx T —Ib
Py —bax AL = Mt - TR
ok pt I 2Tt T
tp pbdx (AX)2
Or,
T, =T + h A -t,) - hfA Tfaj) ULA Obp -Tin,)
PopbpQdp Pop"opGap PooopO?
KAt . 4" ~bp, +Topvii)
PopCPb,(AX)

Where, h.b = hEKp and h{] = hlep

On using,

Pop oo

=
Popep™ (AX)

T; = Top+ LhAAtA- TA) - Lh.At”- Ttaj) -LULAY(T*-Tte)
~ MAKTA- 2T*+ T
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Expanding,

0 =T+ LAIT, + h fg - NjTjp) - LUACTA-TA)

28 +1n) (16)
Where, N:= hA+ hH
7. INSULATION.
dx TL-T
Pi-bt- ¢ -——--- = - Ut(e»- T,) - h,,,,(T,-T.) - h*cr_-T.
R QRI( f ,nsx*Ax- 2T',ns>< + Tms
KirsotMy, g | (AX)2
Rewriting,
L “ T, +-"-<T»-T,,) - h“ Al (T.-T.)
F’Iﬂ/"ﬁm Piifs tins € pm
k:,,.At
. (Tweg - 2Tt Toy)
AnG_ (AX)
Where, =h”" +h,_
On using,
------------ = Pand-------—---- = Q, the equation reduces to;
Pm1™ ~ Pi,.cp, (AX)
T» =TM+ PUMCT,- T") - PhrAKTA-T)
(1.7)

- QA<(T,,pp- 2TA+ T N)

Equations (1.1to 1.7) were used to predict the future temperatures of the collector

components and the flowing fluid.
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APPENDIX 2

SIMPLIFICATION OF TPM EQUATIONS

1. TOP GLASS COVER.

-G.f.+ MT -Tt) -h,jT,-T.) -h,(T,-T.)

dx T, - 2T, +T_
- h,,(T,-V) - ktb

bdx (Ax)2
Or,
B (gf't hrAt(T - h At
CE TR el (T ) . T,-T.) -rTTL(T.-T.
DgthP, DthP %gal, ( ) P«*.cp ( )
hf At | \% k, At [/ X
——een _----_(I/".-qu) ---------- Foeeer-(Tt - 2T + Tt )
Poti G © o RG a2V '
On using,
1 _ A
P, oo,
kB - B
PEeH (Ax)2 U
h..+V=h.
T1= Tt+ AALG.f, + AAthV (T, -T,) - AAth. (T,-T.) - AAthu (T, -T*)
-BAY(Tt_-2T ,+Tt
Or. I *.

X =T+ AAYGf+\T, + hTr+ hiNfai- C4TJ
SBAY(T, - 2TI+TA)  «

2.0

Where, C4= + h, + hf



2. FLOWING FLUID IN THE FIRST FLOW CHANNEL.

dx. ¢ X, - T _ dx r\.. -\ )

bk A bax | Ax ]
Or,
k;]f At* 1 Ahf At ¢ mAt Q \
oo\ + - - -1, >+N - - -
t; -\ {Dr\\ . -, cr, -xfc) . 1f bAX )
On using,
L g
Pr.Vp,
m —
PRtfoAx = I
T; - Th + H,Ath,,(T,- T,,) + H4Athfi, (T,-Tfai) - \ )
Or,
t; - T, +HAthiT,+ h(T,- K.T,]-JA(T™ -\ ) 22
Where,
K4= hiy+ hjy

3. FIRST GLASS COVER.

o m”" c.:CArL * °-f +h-(T- -T>- h'«(T -T-") - M t. -T».)

- h (T,-T,) - ktbh dx T~* 2T + T"-)
rv' 89 bhdx (AX)2

On using the constants A and B as defined earlier,



X - T, + AAtGS, + AAthN(T,, -T,) - AAthMT.-T,)) - AAth(i (T, - T fai)
- AAthti(T,-T,)- BA(T, - 2T, + TJ

Or,
T1=T, + AAGf + hrTib+ + hfwTfaj + hr T,- D4T] 23
- BAtK .- 2T.,+T..J |
Where,
Dy = hi, + i +hi +hg
4. FLOWING FLUID IN THE SECOND FLOW CHANNEL.
Ritbgrcy a MCL T T o X T
Rearranging we get,
| hf At , % hf At / % mAt A
Ti =T-+7 T-™ +A7 T T ). T-)
Letting;
Lo
PritfxH
m
ofitfibAx = 93
We get,
Ti - Tr,+ Hh, AT, -Thi) + H,h,,At(Tf.-Tfinj)) - JAY(Tw - Tt )
Or,
VvV, - Tf, + HAthEGT, + h~AT., - K T,,1]- - T@) (2.9)

Where, K, = hfti + h{
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5. ABSORBER PLATE.

bd;‘ ALT -G .f,- hA<T,- Thi)- hA<T,-T,,)- hA(T,-T.)
X
d (T* - 2T,i+TA)

A\ NtN
Mo "oy Athb

(AX)2
On rearranging;
Gf At hf At hf At hr At
TI=T"+— cr™-T,)
PibabMp*  Pibl «Cp* Pab"Cpx P«<bLbCp
h(/*At
Hkx <T.,.,-2T.+T")
Prf,t*cH6 ' " PAc” (AX)

On using the earlier definitions of E and F we have,

T; = TA+ EAtG.fA - EAth#(Tib-Ttoj) - EAthACA-Tfaj) - EAthA(T*-T.)
- EAth. (T*-2)- FAtd"A- 2TA+T ")

Or,

Ti- T.+ EAYGf4+ h,,Tt| + h,\T% + T+ - G.T,]
(2.5)
- FAY(T-.p- 2T + T,

where,

G4= hige+ Ny + oy +

6. FLOWING FLUID IN THE THIRD FLOW CHANNEL.

&_t b— ¢ _» = hf (Trf.-TfaJ + hf (Tbp-Tfa ) - mc,, — ----- —
i > bdx B At A 5 tp ’ n) bdx Ax
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Or,

h, At Looh A . mAt
H =T+ -~ -(T ,-T faj) + r » 7-(Tbp-Tfinj
PrAS, PfjtfjChr Pf,tf,bAx
On using;
1 _ e
Pfjt fiChr
m - h
Pf, tf,bAX
Tfs = T + HeW"AY(Tib-T finj) + Heh*At(Thp-T taj)
Or in simpler form,
T =T+ HEAt[h"Tib+ hfTbp- K6Tfaj] - JGAY(T. - \ ) (4.6)

Where,
At

K, = hf + hf

7. BACK PLATE.

pr bA A r L-h'- (Tb"v hfr (Top Tfaj)  UI(Tip T
y dX (Tmtl, ~Tm(+ pr!”)
' kbptbpbbdx (AX)2

Or,
u = ThP+

oT- +T- )

185



On using,

Pop*tpCP

Pb,A(AX)2

Ti, -T»+Lh~At(T,,-Tw)- LhAAtCTA-V) - LULAYT, -T )
-MAtCV .- 2Tw.+ T ")

t,-\+ LAtIhATA+h"-NJ,,]- LUMT,, -T,)
- MA(TWmM-2TWi+T *)

@.7)

Where, N3 = hr,

8. INSULATION.

o YO IL TN = yTop-Ty- hAdA- T,)- hAadA-TJ
- bdx p* At

dx duu,a ~ 2Tnx+ TiK" )

- Kintir® bdx (AX)2
Cr,
T =T, AT LT )
Pin* *in*"p1- PmH\IITf\p,,
k. At
Il)gtﬁ(' 2T««, + T“‘,a_)
AfCp*.(AX)2
On using,
1 _p
PiraNrns' ¥,

PmCp, (AX)2
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T ° T + PULAYT" ~ T) " Ph“A(T» - T-> - - 2TN + ) (2.8)

Equations (2.1 to 2.8) wore used to predict the future temperatures of the collector

components and the flowing air.
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APPENDIX 3

SOLAR INSOLATIONS AND WIND VELOCITIES

Table 3.1: DTPM Solar Insolations and Wind Velocities.(17/02/2005, day of the year: 48)

TIME SOLAR W IND AMBIENT
INSOLATION VELOCITY TEMPERATURE
(W /m 2) (m/s) (°C)
11:20:14 644.4 0.525 28.00
11:22:14 738.9 0.558 27.78
11:24:14 711.1 0.500 29.90
11:26:14 716.7 1.125 30.26
11:28:14 772.2 0.975 31.73
«
11:30:14 744.4 0.525 29.01
11:32:14 666.7 0.600 28.82
11:34:14 627.8 0.833 29.72
11:36:14 861.1 0.517 29.95
11:38:14 694.4 0.658 28.35
11:40:14 761.1 0.317 30.12
11:42:14 827.8 0.458 30.02
11:44:14 677.8 1.133 28.42
11:46:14 616.7 0.808 28.72
11:48:14 772.2 0.625 31.68
11:50:14 816.7 0.542 30.96
11:52:14 855.6 0.758 31.87
11:54:14 866.7 0.575 31.96
11:56:14 922.2 1.200 30.57
11:58:14 866.7 1.442 30.73
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Table 3.2: DMPM Solar Insolations and Wind Velocities.(03/02/2005, day of the year: 34)

SOLAR SOLAR W IND AMBIENT
INSOLATION VELOCITY TEMPERATURE
TIME (W /m .2) (m/s) (0.c)
11:30:47 783.3 1.150 30.14
11:32:47 805.6 0.600 29.85
11:34:47 805.6 0.575 26.19
11:36:47 783.3 0.425 28.79
11:38:47 800.0 0.250 25.74
11:40:47 816.7 0.650 26.80
11:42:47 811.1 0.483 28.00
11:44:47 744.4 0.633 28.23
11:46:47 794.4 0.425 29.16
11:48:47 827.8 0.417 29.97
11:50:47 833.3 0.983 27.56
11:52:47 844.4 0.875 29.06
11:54:47 816.7 0.425 29.68
11:56:47 838.9 0.575 28.89
11:58:47 844.4 0.575 29.26
12:00:47 838.9 0.583 30.02
12:02:47 855.6 0.625 29.21
12:04:47 855.6 0.725 28.45
1
12:06:47 850.0 0.667 27.69
12:08:47 866.7 0.408 29.31
12:10:47 855.6 0.375 28.72
12:12:47 866.7 0.533 28.69
12:14:47 877.8 0.633 29.68
12:16:47 866.7 0.350 30.48
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850.

827.

833.

838.

827.

o
o
o
o

o
[=2]
o
o

o
N
©
N

o
~
©
N

o
©
]
[$3]

o
w
w
w

1.183

196

28.

28.

28.

30.

28.

30.

29.

31.

28.

29.

29.

29.

30.

29.

30.

28.

30.

30.

30

30

31.

28

30.

31.

31

31.

29.

28.

30

32.

89

15

94

26

70

13

53

72

16

23

14

74

93

31

.81

44

45

48

54

.03

20

53

82

.74

21



14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

15:

15:

15:

15:

15:

15:

15:

15:

15:

18

20

22

24:

26:

28:

30:

32:

34:

36:

38:

40:

42:

44:

46:

48:

50:

52:

54:

56:

58:

00:

02:

04:

06:

08:

10:

12:

14:

16:

47

47

47

47

47

47

47

47

47

47

47

47

47

47

47

47

47

47

47

47

47

47

47

827.

822.

827.

822.

816.

816.

811.

805.

805.

783.

777.

772.

755.

755.

755.

738.

733.

722.

o

o

o

o

o

917

.342

.842

.842

.353

.250

.275

.500

.600

.633

.508

975

.833

.692

.692

.583

.683

742

197

29.

32.

32

30.

29.

30.

30.

30.

32.

30.

32.

29.

31.

31.

30.

29.

29.

29.

29.

29.

29.

29.

30.

32.

29.

31.

30.

31.

30.

28.

97

28

.45

26

63

36

89

69

48

67

63

32

86

60

72

15

50

79



15:

15:

15:

15:

15:

15:

15:

15:

15:

15:

15:

15:

15:

15

15

15

15

15

15

15:

15:

16:

16

16:

16

16

16:

16:

16:

16:

18:

20:

22:

24:

30:

32:

38:

40:

42:

44:

146:

148:

:50:

:52:

:54:

56

00:

:02:

04:

:06:

:08:

10:

12:

47

47

47

47

47

47

47

47

47

47

147

147

47

47

47

47

47

47

47

727.

716.

705.

683.

688.

672.

672.

666.

672.

666.

611.

616.

605.

600.

600.

600.

572.

o

o

417

.267

.575

.842

.853

450

975

.842

.533

408

417

.092

442

417

.733

.856

.092

198

29

31.

30.

28.

30.

28.

31.

30.

28.

30.

31.

30

30.

30.

29.

32.

31.

31.

30.

30.

29.

29.

31.

30.

29.

30.

30.

30.

30.

30.

.48

75

84

79

48

51

33

86

13

43

10

16

63

87

56

84

74

14

31



Table 4.1: SPM Experimental Temperatures (20/1/2005)

Label

Unit

Minimum value

Maximum value

12:23:26

12:

12:

12

12:

12

12

12:

12

12

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

24:

25:

126:

128:

129:

:31:

132:

34:

35:

40:

41:

42:

26

26

26

26

26

126

126

APPENDIX 4

EXPERIMENTAL TEMPERATURES

COLDINCT TEMP3
deg C deg C
33.49 40.84
37.63 45.72
33.49 45.72
33.56 45.52
33.60 44.72
33.70 44.16
33.75 43.44
33.86 43.8
33.99 43.88
34.11 43.72
34.19 43.48
34.19 43.08
34.29 42.92
34.38 42.52
34.42 42.28
34.38 42.28
34.39 42.28
34.42 41.80
34.59 42.48
34.74 42.72
34.81 42.64
34.79 42.64

TEMPG6
deg C
55.76
63.84
63.84
63.12
62.56
62.32
61.84
61.52
61.12
60.72
60.64
60.4
60.08
60.00
59.76
59.84
59.60
59.60
59.36
59.36
59.28

59.20

199

TGC7

deg C

39.

46.

45.

45.

45.

44.

45.

45.

44.

45.

44,

44.

43.

42.

43.

43.

43.

41.

te

43.

45.

44.

44.

31

08

76

84

68

88

04

04

52

96

92

72

92

36

72

FGC8

deg C

48.16

58.08

55.60

55.60

55.44

55.60

55.6

55.68

56.64

56.72

56.72

56.64

56.00

55.92

55.76

55.92

55.84

55.84

55.84

56.08

56.16

56.08

ABP9

deg C

66.

82.

82.

80.

79.

78.

77.

76.

76.

75.

74.

74.

73.

73.

72.

72.

72.

72.

71.

71.

71.

70.

48

08

32

52

00

20

08

68

28

96

72

32

00

20

04

88

BBP10

deg C

53

66.

66.

65.

64.

64.

63.

62.

62.

63.

63.

62.

62.

62.

62.

61.

61.

61.

60.

60.

61

.84

80

56

04

80

56

08

92

.20

61.2

INS 11

deg C

39.

43.

41.

40.

40.

40.

39.

39.

40.

40.

40.

40.

40.

40.

40.

40.

40.

40.

41.

41.

40.

40.

78

73

08

69

29

27

98

75

69

58

38

73

67

73

61

63

94

88

AMBT

deg C

26

.78

34.91

28

27

.62

.88

27.81

26

27.

28.

29.

28.

28.

28.

27.

30

29.

30.

30.

32.

32.

29.

29.

29.

.78

59

35

23

32

03

43

70

38

87



12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

13:

13:

13:

13:

13:

13:

13:

13:

13:

13:

13:

13:

13:

51:

52:

53:

54:

55:

56:

57:

58:

59:

00:

01:

02:

03:

04:

05:

06:

07:

08:

09:

10:

11:

12:

43:

44:

45:

46:

47:

48:

49:

50:

26

26

26

26

26

26

26

26

26

26

26

26

26

26

26

26

26

26

26

26

26

26

26

26

26

26

26

26

26

34.

34.

34.

34.

34.

34.

34.

34.

34.

34.

34.

35.

35.

35.

35.

35.

35.

35.

35.

35.

35.

35.

35.

35.

35.

36

36.

36.

36.

36.

67

65

73

69

87

92

05

21

34

40

31

56

71

86

99

.00

25

33

42.

42.

42.

41.

42

42

43.

43.

43.

43.

42.

42.

42.

42.

42.

42.

42.

42.

42.

43.

43.

43.

43.

43.

43.

43.

43.

43.

43.

43.

32

24

.00

.08

04

20

88

88

96

28

36

44

60

36

20

20

60

59.

59.

59

58

58.

59.

59.

58.

59.

58.

58.

58.

58.

58.

58.

58.

58.

58.

58.

58.

59.

59.

59.

59

59

59

59.

59.

59.

59

20

.20

.80

96

12

72

96

88

48

64

72

56

80

.20

.36

.36

52

36

44

44

200

42

42.

43.

40.

41.

39.

39.

39.

39.

40.

40

40.

42.

42.

42.

41.

41.

41.

42.

42.

42.

42.

42.

43.

43.

42.

43.

42.

40.

42.

48

12

60

20

85

46

96

96

56

28

24

24

88

80

44

56.

55.

55.

55.

55.

55.

55.

56.

56.

55.

56.

55.

55.

55.

55.

55.

55.

55.

56.

56.

56.

56.

56.

56

56

56.

56.

56.

56.

56.

84

84

68

92

92

00

08

92

84

92

76

64

.96

.64

70.

70.

70.

70.

70.

70.

70.

70.

69.

69.

69.

69.

69.

69.

69.

69.

69.

68.

68.

68.

68.

68.

68.

68.

68.

69.

69.

69.

69.

69.

80

64

48

40

40

04

12

72

72

80

04

20

36

60

61.

60.

60.

60.

60.

61.

61.

61.

60.

60.

61.

60.

60.

60.

60.

60.

60.

60.

60.

60

60.

60.

60.

60.

60.

60.

61.

60.

61.

60.

28

64

96

52

20

84

24

92

40

64

24

96

20

40.

40.

40

40.

40.

40.

40

41.

41.

41.

41.

41.

41

41.

41.

41.

41

41.

41.

41.

41.

41

41

41

41.

41.

41.

41.

41.

41.

71

.94

50

61

81

.94

35

25

21

56

.79

17

.56

29

68

47

.62

.93

79

85

97

48

95

29.50

29.70

30.53

29.77

28.84

28.89

30.91

30.31

30.50

29.72

29.58

32.65

30.81

30.81

29.31

30.31

30.91

30.24

32.09

31.51

30.19

29.92

32.79

31.73

31.18

31.66

31.37

29.95

31.63

32.67



13:13:26

13:14:26

13:15:26

13:16:26

13:17:26

13:18:26

13:19:26

13:20:26

13:21:26

13:22:26

13:23:26

13:24:26

13:25:26

13:26:26

13:27:26

13:28:26

13:29:26

13:30:26

13:31:26

13:32:26

13:33:26

13:34:26

13:35:26

13:36:26

13:37:26

13:38:26

13:39:26

13:40:26

13:41:26

13:42:26

36.

36.

36

36.

36.

36.

36.

35.

35.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

36.

37.

36.

36.

36.

37.

37.

37.

37.

35

36

41

26

18

99

99

20

35

63

66

84

87

22

43.

43.

43.

43.

43.

43.

43.

43.

43.

42.

42

42.

42.

43.

43.

43.

43.

43.

43.

42.

44.

43.

44,

44.

44.

44.

44,

44,

44

44.

76

68

52

36

12

64

64

.48

72

96

72

40

56

60

60

52

76

44

60

59.68
59.68
59.84
59.68
59.84
59.68
59.68
59.76
59.44
59.52
59.52
59.20
59.20
59.36
59.60
59.60
59.6
59.44
59.44
59.52
59.92
59.76
59.76
60.16
60.00
60.08
60.32
60.40
60.48

60.56

201

43.

42.

42

42.

42.

40.

40.

40.

39.

41.

41.

42.

42.

44.

42

42.

42.

43

43.

43.

44.

42.

44.

44.

44.

44,

44.

43.

43.

20

64

40

72

24

96

29

31

48

16

44

68

52

08

24

40

56

08

56

08

56.

56.

56.

56.

56.

56.

56.

56.

56.

56.

56.

56

56

56.

56.

56.

56

56.

56.

56.

56.

56.

57.

57.

57.

57.

57.

57.

57.

57

64

48

72

32

08

08

08

40

40

40

32

32

96

88

20

52

68

44

68

44

69.

69

69.

69.

69.

69.

69.

69.

69.

69

69.

69.

69.

69.

69.

69.

69.

69.

69.

69.

69.

69.

68.

68.

69.

69.

69.

69.

68.

68.

68

.60

60

60

68

68

68

.60

44

28

28

20

12

04

04

04

12

12

04

04

04

96

88

60.

60.

61.

61.

61.

61.

61.

61.

60.

60.

60

60.

60.

60.

60.

60.

60.

60.

60.

60.

60.

60.

60.

61.

61.

60.

61.

61.

61.

61.

88

80

48

16

00

08

48

80

88

28

04

88

04

12

42.

42

42.

41.

41.

41.

41

41.

41.

42.

42

42.

42.

42.

42.

42.

42

42.

42.

42.

42.

42.

42.

42.

42.

43

43.

43.

43.

42.

32

45

83

45

.54

72

14

.37

.43

51

59

95

.15

21

24

21

47

31.

30.

31

31

29.

30.

30.

29.

31.

32

30.

30.

30.

30.

31.

30.

31.

33.

31.

31.

30.

32.

32.

32.

33.

32

33.

31.

32.

30.

13

72

.06

.03

82

96

36

38

10

.00

98

69

60

53

56

80

30

55

86

26

01

91

75

31

31



13:43:26

13:44:26

13:45:26

13:46:26

13:47:26

13:48:26

13:49:26

13:50:26

13:51:26

13:52:26

13:53:26

13:54:26

13:55:26

13:56:26

13:57:26

13:58:26

13:59:26

14:00:26

14:01:26

14:02:26

14:03:26

14:04:26

14:05:26

14:06:26

14:07:26

14:08:26

14:09:26

14:10:26

14:11:26

14:12:26

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

37.

46

49

58

39

46

50

37

25

25

26

22

44.

44.

44.

43.

43.

44,

43

43

44.

44.

44.

44.

43.

43.

44,

44,

43.

43.

43.

43.

43.

43.

43.

43.

44.

44,

44.

44,

45.

45.

28

12

44

.60

12

20

48

24

40

24

08

92

60.

60.

60.

60.

60

60.

60.

60.

60.

60.

60.

60.

60.

60.

60.

60

60.

60.

60.

60.

60.

60.

60.

60.

60.

60.

60.

60.

60.

59.

56

64

64

56

40

64

80

80

88

56

48

64

48

64
56
16
32
08
08
08

00

24
08
08
08

92

202

41.

43.

40.

42.

44,

45.

45.

44,

44.

45.

45.

43.

43.

44.

44.

43.

42.

44.

43.

45.

44.

42.

44.

(<

44.

44.

45.

44.

45.

45

44.

36

28

92

64

00

12

60

32

96

52

96

56

68

80

40

64

08

28

00

52

41

.60

57.

57.

57.

57.

57.

57.

57.

57.

58.

57.

57.

57.

56.

57.

57.

56.

56.

56.

56.

56.

56.

56.

56.

56.

56.

56.

56

56.

56.

56.

36

20

20

76

08

68

20

96

88

64

72

56

24

16

40

48

56

24

68.

69.

69.

69.

68.

68.

68.

68.

69.

69.

69.

69.

69.

68.

68.

68.

68.

68.

68.

68.

68.

68.

68.

68.

68.

68.

68.

68.

69.

69.

04

28

04

96

88

88

04

04

12

04

96

96

96

88

88

88

04

04

61

62

61.

61.

61.

60.

61.

61.

61.

61.

62.

62.

63.

61.

62.

62.

62.

64.

62.

62.

63.

62.

62.

62.

62.

62.

62.

62.

62

62.

.52

.00

76

20

76

12

76

60

20

96

80

80

80

48

40

16

42

42.

42.

43.

43.

43.

43.

43.

42.

42.

42.

43.

43.

43.

42.

42.

42.

42.

42.

42.

42.

42.

42.

42

43.

43.

43.

43.

42.

42.

.34

57

88

13

52

44

63

11

68

26

82

57

32

37

63

.59

09

40

34

88

66

32.72

30.53

32.

33.

33.

33.

04

59

06

46

32.81

33.

29.

32.

31

33

32.

32.

30.

32.

33

31.

32.

31.

31.

31.

30.

31.

32.

33.

32.

33.

31.

31.

03

60

53

.54

46

81

62

50

12

.03

97

69

51

46

90

43

80

09

34

19

10

92



14:13:26

14:14:26

14:15:26

14:16:26

14:19:26

14:20:26

14:21:26

14:22:26

14:23:26

14:24:26

14:25:26

14:26:26

14:27:26

14:28:26

14:29:26

14:30:26

14:31:26

14:32:26

14:33:26

14:34:26

14:35:26

14:36:26

14:37:26

14:38:26

14:39:26

14:40:26

14:41:26

14:42:26

14:43:26

14:44:26

37

37.

37.

37.

37

37.

37.

37

37.

37.

37.

37.

37.

37

37.

37.

37.

37.

36.

36.

36.

36.

36.

36.

36.

36.

36

36

36

36.

.56

49

60

56

49

52

54

60

63

54

43

35

19

03

94

96

67

65

.59

44

.29

13

45.

44.

45.

44.

45.

45.

45.

44,

44.

44.

44.

44,

44.

44.

44.

44.

44,

44.

44.

44,

44,

44.

43.

43.

43.

43.

43.

43.

43.

43.

44

60

76

20

68

60

36

20

96

96

88

32

60.

59.

60.

60.

60.

60.

60.

60.

60.

60.

60.

60.

60.

60.

59

59.

59.

59.

59.

59.

59.

59.

59.

59.

59.

59.

59.

59.

58.

58.

00

00

32

32

08

24

.92

68

92

68

68

44
60
36
28
12
20
04
80

72

203

45.

44.

43.

44.

45.

45.

45,

43.

45.

43.

44,

44.

44

44.

43.

43.

44.

44.

44.

44,

43.

44.

44.

45.

44.

45.

46.

45.

44.

43.

76

64

00

92

52

76

16

.88

72

20

68

08

72

56

68

88

48

76

08

12

16

56.

56.

56.

55.

56.

56.

56.

56.

56.

55.

56.

55.

55.

55.

55.

55.

55.

55.

55.

55.

55.

55.

55

55

55.

55.

54.

54.

54.

54.

32

56

16

92

32

64

64

40

08

76

84

52

20

60

36

52

60

44

44

12

12

88

88

69.

69.

69.

69.

69.

69.

69.

69.

69.

69.

69

69.

69

69.

69.

69.

69.

69.

69.

69.

69.

69.

69.

69.

69.

69.

69.

69.

69.

12

04

04

12

28

28

28

36

44

44

52

60

76

84

52

68

44

62.

63.

63.

62.

62.

63.

63.

63.

63.

63.

63.

63.

67.

63.

63.

63.

63.

63.

63.

63.

63.

63.

63.

62.

62.

62.

62.

62.

63.

63.

32

08

40

84

16

24

08

08

08

00

08

76

60

44

44

68

36

80

64

64

43.

43.

42.

43.

43.

43.

43.

42.

43.

42.

42.

42.

42.

42.

42.

42.

42

42.

43.

42.

42.

42.

43.

42.

42.

42.

42.

42.

41.

41.

11

11

86

28

73

86

01

61

57

41

30

37

.35

82

07

97

90

05

51

03

97

31.90

33.54

31.51

33.71

32.93

32.84

31.44

32.28

32.45

32.31

32.81

31.95

32.74

31.49

32.00

32.21

32.12

33.66

32.91

33.92

34.21

32.55

32.57

31.83

33.22

33.27

33.44

32.45

31.25

31.85



14:45:26

14:46:26

14:47:26

14:48:26

14:49:26

14:50:26

14:51:26

14:52:26

14:53:26

14:54:26

14:55:26

14:56:26

14:57:26

14:58:26

14:59:26

15:00:26

15:01:26

15:02:26

15:03:26

15:04:26

15:05:26

15:06:26

15:07:26

15:08:26

15:09:26

15:10:26

15:11:26

15:12:26

15:13:26

15:14:26

36.

35.

35.

35.

35.

35.

35.

35.

35

35.

35.

35.

35.

35.

35.

35.

35.

35.

35.

35.

35.

35.

34.

34.

34.

34.

34.

34.

34.

34.

84

80

79

61

47

51

49

48

32

05

93

87

84

43.

42.

42.

43.

42.

42.

43.

43.

43.

42.

42.

42

42

42.

42.

41.

41.

41.

41.

41.

41

41.

41.

41.

41.

41.

41.

41.

41.

41.

40

92

08

16

32

92

44

.20

44

12

80

96

56

64

.56

40

64

80

88

64

72

58.

58.

58.

58.

58.

58.

58.

58.

58.

58.

58.

57.

57.

57.

56.

55.

55.

55.

55.

55.

55.

54.

54.

54.

54.

54.

55.

55.

54.

53.

64
32
40
64
56

48

48

16

88

96

204

42.

43.

43.

43.

43.

43.

44.

44,

44.

44.

45.

44.

44

43.

43.

43.

44.

43.

44.

44.

42.

43.

43.

45.

45.

45.

45.

44

44,

44.

80

28

20

84

80

16

32

52

64

.40

44

60

36

80

88

84

12

76

60

36

60

40

56

56

54.

53.

53.

54.

54.

54.

54.

54.

54.

54.

53.

53.

53.

53.

53.

53.

53.

53.

53.

52.

52.

51.

50.

51.

51.

51.

51.

51.

51.

51.

24

92

60

16

00

08

16

00

84

92

12

04

88

96

12

36

28

60

69.

69.

69.

69.

69.

69.

69.

69.

69.

69.

69.

68.

68.

68.

68.

68.

68.

68.

68.

68.

68.

68.

68.

68.

68.

68.

68.

68.

68.

68.

88

88

72

64

64

63.

63.

62.

62.

61.

60.

61.

61.

61.

61.

60.

59.

59

59

56.

56.

56.

56

56.

56.

56.

56.

55.

55.

56.

56.

56.

55.

55.

55.

56

08

92

28

36

72

48

.04

96

56

48

24

64

32

84

92

92

84

41.

41.

41.

42.

42

42.

42.

42.

42.

42.

42.

42.

42.

41.

41.

41.

41.

41.

41.

41.

41

41.

41.

42.

42.

42.

42.

41.

41.

41.

76

76

68

35

.24

51

55

64

68

60

39

62

.60

68

72

20

08

26

87

83

77

30.72

32.

02

32.65

32.

32.

33.

32.

32.

32.

33.

33

33.

31.

31.

33.

33.

33.

30.

33.

30.

31.

32.

33.

33.

32

33.

33.

32.

32.

33.

04

33

73

67

91

02

97

.37

27

73

03

84

06

93

30

50

71

44

.45

66

20

69

09

32



15:15:26

15:16:26

15:17:26

15:18:26

15:19:26

15:20:26

15:21:26

15:22:26

15:23:26

15:24:26

15:25:26

15:26:26

15:27:26

15:28:26

15:29:26

15:30:26

15:31:26

15:32:26

15:33:26

15:34:26

15:35:26

15:36:26

15:37:26

15:38:26

15:39:26

15:40:26

15:41:26

15:42:26

15:43:26

15:44:26

34.

34.

34.

34.

34.

34.

34.

34.

34.

34.

34.

34.

34.

34.

34.

34.

34.

34.

33.

33.

33.

33.

33.

33.

33.

33.

33.

33.

33.

33.

65

67

70

46

38

31

21

17

19

14

08

98

92

93

85

62

60

54

58

41.

41.

41.

42.

42.

42.

41.

41

41

41

41.

41

41.

41.

41.

41.

41.

41.

41.

41.

41.

40.

41.

41.

40.

40.

41

41.

40.

41.

4i

72

40

88

28

72

72

.32

56

.64

64

40

32

40

40

16

16

08

84

92

.16

00

84

00

54.

53.

53.

53.

53.

53.

53.

52.

52.

52.

52.

52.

51.

51.

51.

51.

51

51.

51.

51.

51.

51.

51.

51.

51

51

51.

51.

50.

50.

12

12

04

04

72

80

64

.56

48

32

24

16

07

.08

.08

16

84

76

205

43.

43.

45.

44.

44.

44.

42

44.

43.

43.

44

44.

43.

43.

44.

44,

43.

44.

44.

43.

42.

44.

44.

43.

43.

45.

43.

60

84

68

16

96

16

.40

00

60

28

40

72

76

84

56

56

21

51.

51.

51.

50.

50.

50.

49.

49.

49.

49.

49.

49.

49.

49.

49.

49.

49.

49.

49.

49.

49.

49.

49.

49.

49

96

96

96

20

20

04

72

56

56

64

72

72

64

48

32

08

.08

48.4

48

48

48

48

.56

.32

.32

.16

68.

68.

68.

68

68.

68.

68

68.

68.

67.

67.

67.

67.

67.

67.

67.

67

67.

67.

67.

67

67.

66.

66.

66.

66.

66.

66.

66.

66.

56

56

.56

48

40

.32

08

92

68

68

60

60

44

28

20

20

.20

72

72

56

48

48

55.

55.

55.

55.

55.

55.

55.

55.

55.

54.

54.

55.

55.

54.

54.

54.

54.

54.

54.

54.

54.

54.

54.

54.

54.

54.

54.

54.

53.

53.

92

52

44

52

36

12

80

88

04

28

88

72

88

96

96

64

72

64

64

48

16

08

16

08

41.

41.

42.

42.

42

42.

42

42.

42.

42.

42.

42.

42.

42

42

42.

42.

42.

42.

42.

42

42

42

42

42.

43.

43.

42.

42.

43.

85

57

92

.84

03

.08

45

51

51

.59

74

82

68

66

82

61

.84

.94

.99

.99

97

33.18

32.98

33.10

34.91

33.13

32.24

33.59

33.87

32.62

34.12

33.73

32.12

32.04

34.00

34.84

33.32

31.90

32.21

33.22

31.20

32.57

32.89

32.55

33.61

33.22

33.92

33.13

32.53

34.04

34.45



Table 4.2 TPM Experimental Temperatures. (29/10/2004)

SOLAR

TIME

Min value

Max value

12:38:54

12:39:54

12:40:54

12:41:54

12:42:54

12:43:54

12:44:54

12:45:54

12:46:54

12:47:54

12:48:54

12:49:54

12:50:54

12:51:54

12:52:54

12:53:54

12:54:54

12:55:54

12:56:54

12:57:54

12:58:54

12:59:54

13:00:54

13:01:54

13:02:54

TEMPI

deg C

35.85

43.84

41.28

40.75

39.41

38.6

37.91

37.42

37.13

36.83

36.64

36.32

36.17

36.05

35.93

35.93

35.93

35.85

36.83

37.1

38.13

38.38

37.91

37.45

37.08

36.81

TEMP4

deg C

36.56

46.72

42.24

41.12

39.82

39.58

38.99

38.55

38.16

37.94

37.59

37.18

36.86

36.59

36.59

36.61

36.83

37.15

38.92

38.13

39.92

40.29

38.6

37.94

37.45

37.18

36.96

TEMPS

deg C

36.37

46.08

43.04

41.52

40.19

39.65

38.92

38.45

38.01

37.72

37.45

37.05

36.83

36.56

36.37

36.51

36.69

37.1

38.33

37.99

39.38

38.57

38.16

37.74

37.37

37.23

TEMP2

deg C

36.7
51.68
51.68
51.68
50.08
48.24
46.56
45.04
43.76
42.64
41.68
40.83
40.07
39.46
39
38.6
38.33
38.19
38.58
39.38
40.13
41.28
41.84
41.44
40.75
39.98

39.36

206

TEMP3

deg C

38.23

50.48

50.24

48.32

48.16

48.72

47.44

46.4

44.6

42.94

42.34

40.58

40.06

39.77

38.52

38.38

38.45

38.33

39.36

40

40.94

42.24

41.76

40.96

40.31

39.77

39.28

TEMPG6

deg C

40.53

64.64

64.64

62.72

59.84

57.76

55.44

53.52

51.76

50.24

48.96

47.76

46.8

45.92

44.64

44.32

44.48

46.56

46.48

48.8

50.48

49.36

48

46.88

45.92

45.2

TGC7

Deg C

39

42.1

36.8

37.8

37.3

37.4

39

38.7

38.7

38.8

39.5

39.4

38.3

38

37.7

38.9

38.2

38.6

38.7

FGC8

deg C

35.9

57.5

55.8

54.6

52.6

51

49.2

47.4

45.8

40.9

40.1

39.4

39.7

40.9

41

41.4

41

40.5

41

41

ABP9

deg C

39.1

70

70

67.4

63.4

59.6

56.2

55.1

53.6

53.4

51.7

48.2

48.2

47 .4

46.9

46.5

46.4

45.9

46.4

47.4

50.1

53.4

53.4

51.4

49.5

47.8

46.4

BBP10

deg C

39.24

59.28

58.32

56.4

53.76

52

50.24

48.56

47.12

46.08

45.12

44.08

43.36

42.72

42.08

41.84

41.76

41.92

43.92

43.76

46

47.2

46.16

45.04

44

43.36

42.56

AMBT

deg C

24.5

25.9

25.6

25.6

25

25.1

24.7

24.6

25

25.1

25.1

24.9

25.4

25.3

25.9

26.6

24.9

25.6

25.9

26.2

25.9

25.5

25.3

25.5



13:03:54

13:04:54

13:05:54

13:06:54

13:07:54

13:08:54

13:09:54

13:10:54

13:11:54

13:12:54

13:13 54

13:14:54

13:15:54

13:16:54

13:17:54

13:18:54

13:19:54

13:20:54

13:21:54

13:22:54

13:23:54

13:24:54

13:25:54

13:26:54

13:27:54

13:28:54

13:29:54

13:30:54

13:31:54

13:32:54

36.69

36.51

36.44

36.17

36.49

37.47

38.33

39.14

39.55

40.02

40.34

40.72

40.94

41.04

41.12

41.28

41.28

41.52

41.6

41.68

41.68

41.76

41.76

41.92

42.16

42.24

42.16

42.4

42.24

42.48

36.88

36.91

36.76

36.93

38.97

39.87

40.75

41.6

42.08

42.64

43.2

43.52

43.6

43.84

43.92

43.92

44.08

44.48

44.48

44.56

44.72

44.72

44.96

45.28

45.6

45.76

45.68

46.24

46.48

46.48

37

37

36.88

37.13

38.7

39.48

40.36

41.04

41.6

42.16

42.56

42.96

43.12

43.12

43.44

43.36

43.6

43.92

43.84

44

43.92

44

44.32

44.64

44.56

44.72

44.64

44.96

45.44

38.96
38.6
38.39
38.16
38.58
39.78
41.12
42.48
43.68
44.72
45.6
46.32
46.96
47.44
48.08
48.32
48.72
48.88
49.2
49.28
49.52
49.68
49.92

50
50.16
50.56
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APPENDIX 5

THEORETICALLY COMPUTED TEMPERATURES

Table 5.1: DTPM Computed Temperatures (17/02/2005, day of the year: 48)

Atmospheric pressure: 84052.08 Pa

SOLAR
TIME Ttl TfIl Til Tabl Tf21 Thbpl AINTTf CEF
(Deg.C) (Deg.C) (Deg.C) (Deg.C) (Deg.C) (Deg.C) (Deg.C)
11:18 34.02 34.73 35.47 56.67 49.57 46.84 30.58 0.711
11:20 33.9 34.73 35.51 56.67 49.61 46.83 30.63 0.718
11:22 35.85 35.71 36.64 58.22 52.75 50.77 29.93 0.746
11:24 36.1 35.78 37.65 58.22 52.79 50.91 31.36 0.722
|
11:26 36.15 35.82 38.66 58.24 52.85 50.96 31.33 0.759
11:28 39.21 40.23 42.31 60.23 53.14 52.61 29.63 0.736
11:30 39.07 41.25 42.3 60.24 53.18 52.6 30.06 0.751
11:32 36.29 41.05 43.74 57.37 52.57 50.98 32.86 0.721
11:34 35.28 38.3 41.25 55.43 51.61 50.93 32.65 0.691
11:36 35.43 38.28 41.25 55.43 51.61 50.94 30.14 0.71
11:38 35.14 38.25 41.31 55.91 50.56 49.58 31.6 0.709
11:40 39.74 45.15 50.63 59.71 52.95 51.74 30.63 0.73
11:42 41.26 47.61 50.04 60 53.66 52.98 32.63 0.719
11:44 34.77 40.22 45.6 56.36 52.15 51.17 33.05 0.739
11:46 34.07 36.72 39.3 54.03 50.42 48.92 33.26 0.709
11:48 40.28 46.16 45.11 56.8 51.79 49.34 30.25 0.73
11:50 41.35 46.19 46.09 58.34 52.29 49.68 30.89 0.723
11:52 42.41 47.93 47.51 60.85 52.92 51.68 31.78 0.711
11:54 43.65 48.47 49.37 63.08 52.99 52.62 32.62 0.709
11:56 41.2 48.98 49.83 67.43 58.78 52.93 34.43 0.692
11:58 40.92 53.92 56.72 74.79 62.73 60.36 36.29 0.711

4t 5.
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38.23

35.63

35.41

34.76

35

34.72

37.86

37.81

36.35

31.83

31.77

31.42

31.39

31.14

30.95

31.63

31

32.71

33.21

32.69

32.63

29.71

29.35

28.84

29.02

33.46

33.94

0.692

0.693

0.7

0.717

0.724

0.705

0.713

0.693

0.683

0.719

0.726

0.731

0.72

0.723
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13:
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13:
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13
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13:
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13:

13:

13:

13:

13:

00

04

06

14

16

18

20

22

24

26

28

30

32

34

36

38

40

142

44

46

48

50

52

54

56

58

43.88

43.18

43.3

39.78

39.71

39.77

39.92

38.11

40.26

42.67

41.54

40.9

41.12

42.83

42.89

42.59

40.71

42.09

41.81

41.76

41.42

41.36

41.79

41.84

43.64

44.06

43.69

40.7

40.87

41.14

55

55

55

72

.55

42

50.1

47

47.

47.

47.

44,

48.

48.

48

51.

52.

52.

52.

50

17

86

.45

61

84

86

87

92

51

51.

51

52

52

52

52

53

51

51

48

48

48

41

41

.59

.61

.58

.69

.61

.98

.95

.57

.54

.63

57.

57.

57.

50.

48.

48.

48.

48

45.

50.

52.

51.

51

48

36

57

.46

23

88

24

91

58.1

60

60.

60.

55.

54.

55.

55.

57.

57.

57.

57.

57.

53.

53.

50.

50

51

.92

87

81

07

09

83

77

72

66

76

.31

.29

81

81.

81

.29

35

.36

71.2

71

69.

69.

69.

66.

68.

71.

70.

78.

79.

79.

79.

76.

74.

76.

76.

79.

79.

79.

79.

72.

72.

70.

70.

70.

.66

63

68

32

69

17

15

88

53

65.74
65.82
65.85
58.41
58.39
54.34
54.31
54.28
55.51
57.47
59.82
59.59
62.22
64.22
64.02
64.08
63.12
62.5

62.93
64.36
*

64.43
64.39
64.43
64.45
64.52
61.58
61.43
58.38
58.46

58.97

60

60

60.

54.

52.

52.

52.

52.

50.

53.

53.

54.

55.

58.

58

.02

19

04

43

48

78

34

35

12

58.2

58

57

56

56

.24

48

.53

.68

59.1

59

59

59

58

58

.04

.05

.02

97

.96

59

56

56

58

.95

.89

72

33.97

33.95

34.05

29.23

33.98

30.55

30.28

32.31

32.48

33.51

35.92

35.28

37.71

39.79

39.54

39.92

38.59

39.89

40.39

40.1

39.71

39.9

43.75

42.31

42.83

39.53

39.52

36.39

36.19

35.01

v *,

0.711

0.705

0.707

0.708

0.724

0.719

0.73

0.722

0.731

0.734

0.726

0.716

0.705

0.695

0.709

0.711

0.724

0.721

0.71

0.715

0.7

0.719

0.73
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14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14

14

14

14

14

00

02

04

06

08

14

16

18

28

30

34

36

38

140

142

44

146

148

14:50

14

14

14

14

52

54

56

158

41.

41.

41.

40.

40.

40.

40.

41.

39.

40.

44,

43.

39

69

78

88

55

78

12

.05

39.1

39

39

.07

.14

39.3

39

39

40

40

38

40

40

39

39

39.

.28

22

.34

.29

.18

.73

.78

.89

.69

51

39

38

38

77

17

48.68

49.03

49.4

50.34

50.36

50.38

50.41

50.01

46.4

48.52

52.44

52.46

45.93

4591

45.9

45.88

45.88

45.92

45.92

48.01

48.03

46.49

47.39

47.38

46.23

43.94

43.92

43.85

43.66

43.34

51

51

55

55.

54.

54.

53.

48.

51.

55.

55.

47

47.

47.

47.

47.

47

47

50.

50

.26

.85

.06

02

96

17

34

84

.74

71

65

.56

.56

75

74

49.7

49

48

.01

.97

47.5

44

44

13

12

44.1

44

44

.09

.03

70.87
71.67
73.28
77.34
77.33
77.29
77.3
73.85
67
72
75.93
75.96
68.56
68.57
68.53
68.53
68.5
68.49
68.51
73.02
73.04
71.85
69.36
69.31
67.08
63.79
63.8
63.78
63.8

64.12
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59.01

59.69

60.99

64.34

64.39

64.43

64.46

54.94

58.03

62.68

62.72

58.66

58.61

57.59

57.55

56.54

56.53

56.51

59.1

59.15

58.23

56.57

56.53

54.51

52.37

52.33

52.28

52.05

58.78

59.34

60.35

63.04

63.12

63.2

63.24

61.48

53.53

56.68

61.04

57.05

57.02

56.97

56.96

56

55.95

55.89

56.81

56.83

55.94

55.09

55.07

53.22

52.16

52.05

51.88

51.76

51.22

35.11

35.38

36.48

40

39.91

40.27

39.93

38.59

33.77

37.96

38.23

37.98

36.47

35.9

35.5

34.63

34.54

34.24

34.96

35.32

36.14

34.86

34.82

33.04

32.75

31.26

31.78

31.04

30.92

0.733

0.72

0.716

0.708

0.725

0.736

0.722

0.712

0.72

0.718

0.713

0.721

0.69

0.707

0.725

0.71

0.716

0.713

0.701

0.715

0.725

0.711

0.72

0.72

0.723

0.707

0.721

0.713

0.713

0.712



15:00

15:02

15:04

15:06

15:08

15:10

15:12

15:14

15:16

15:18

15:20

15:22

15:24

15:26

15:28

15:30

15:32

15:34

15:36

15:38

15:40

15:42

15:44

15:46

15:48

15:50

15:52

15:54

15:56

15:58

38.47

38.55

38.13

38.66

38.41

38.21

37.69

34.99

35.32

35.13

35.22

34.78

34.64

34.86

35.06

35.13

35.29

36.61

36.46

36.39

36.83

37.03

37.04

37.25

34.9

35.33

35.46

37.18

38.48

43.19

43.25

44.77

44.79

44 .97

44.65

43.2

43.16

36.91

36.93

36.98

36.94

36.05

35.92

35.9

35.97

36.06

36.12

39.89

40.32

40.34

40.5

40.44

40.45

36.24

36.29

36.36

39.62

40.23

44.01

44.01

46.48

46.48

46.49

46.04

44.65

44.19

37.77

38.74

37.26

37.12

37.15

37.17

37.2

37.22

43.23

43.35

43.33

44.34

44.34

43.79

43.65

37.52

37.49

37.55

42.13

41.99

64

64

.13

.24

66.8

66

66

65

.81

.84

45

61.6

60

59

59

59

.67

.66

.78

77

59.8

56.9

56

56.

56.

56.

56.

65

65.

67

67.
67.
65.
64.
55.
55.
55.
61.

60.
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.64

66

66

41

83

.14

17

81

52.02

51.08

53.5

53.54

53.64

51.83

49.53

48.81

46.62

47.55

47.54

47.51

44.26

44.03

44.99

44.98

44.98

44.98

49.07

49.19

50.45

50.49

49.58

48.38

48.09

4491

45.05

45.03

45.66

45.23
44

51.35

51.41

53.76

54

53.94

52.48

49.68

48.17

46.6

48.51

48.43

48.44

45.67

45.47

45.49

45.47

45.49

51.14

51.01

52.18

52.4

52.51

51.72

51.52

4461

44.67

44.62

48.29

48.72

31

31.48

30.03

30.03

30.39

30.35

28.83

28.54

28.35

29.35

32.04

29.31

26.29

26.09

25.49

25.54

25.48

25.86

27.23

27.38

28.41

28.92

29.28

28.58

28.33

26.32

26.2

25.43

25.32

25.81
y. %

o
]
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©

0.734

o
u
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0.715

0.71

0.727

0.706

0.701

0.71

0.721

0.725

0.718

0.702

0.715



16:

16:

16:

16:

16:

16:

16:

16:

16:

16:

16:

16:

16:

16:

16:

16:

16:

16:

16:

00

06

08

12

14

16

18

20

22

38

36

34

36

51

.16

.92

.92

36

35

36.

36.

36.

36.

35.

35.

34.

35.

36.

36.

36.

34.

35.

.96

24

84

75

22

13

99

76

01

04

83

40.23

36.87

36.23

36.98

36

35.98

35.97

36.06

36.2

36.43

35.98

35.95

35.93

36.02

36.55

36.48

36.46

35.51

35.48

42.03

37.52

37.48

38

37.94

37.96

37.99

38.04

38.11

38.2

37.67

37.71

37.73

37.26

38.04

37.81

37.83

37.1

37.17

60.

58.

57.

56.

54.

54.

54.

54.

54.

55

55

43

59

85

84

85

.01

.51

54.5

54

52

50

49

49

49

46

.87

13

.98

.94

.87

49.9

I*
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45.3

42.48

42.02

41.93

41.75

41.7

41.7

41.71

41.72

40.48

41.24

41.05

39.18

38.51

38.91

40.22

38.99

38.06

48.69

44.38

44.19

43.2

43.65

43.57

43.62

43.66

43.7

43.47

42.94

42.83

42.74

42.14

41.19

40.22

40.13

40.12

40.1

24.77

24.98

25.18

25.51

25.05

25.73

26.61

25.49

25.41

25.69

24.56

25.77

25.55

24.28

24.29

25.26

26.12

25.28

25.48

0.718

0.718

0.705

0.707

0.711

0.67

0.696



Table 5.2: TPM Program Computed Temperatures (29/10/2004, day of the year: 303)

Atmospheric Pressure: 83918.7 Pascals.

SOLAR

TIME

12

12:

12:

12:

12:

12:

12:

12:

12:

12:

12:

13:

13:

13:

12:

13:

13:

13:

13:

13:

13:

13:

13:

13:

13:

13:

:38

40

46

48

50

52

56

58

00

02

06

08

10

14

16

18

20

22

24

26

28

Ttl

(Deg C)

27

29.6

29

29.

29

30.

30.

27.

27.

30.

32.

31.

31.

32.

33.

33.

33.

32.

33.

33.

33.

34.

34.

34

32.

34.

.57

41

.68

02

02

74

95

28

68

33

67

49

99

06

98

08

51

41

87

32

Tfll

(Deg C)

34.02

31.55

30.6

29.66

29.69

29.71

29.43

29.02

28.89

29.8

30.75

30.76

30.8

31.02

31.29

31.12

31.69

31.38

31.49

31.27

31.77

32.02

32.41

32.46

32.31

32.5

Til

(Deg C)

40.77

41.97

40.91

40.71

40.66

40.84

41.34

38.58

38.48

42.08

44.49

44.67

44.98

45.6

48.35

48.55

48.72

49.12

49.21

49.12

49.43

49.52

49.95

50.11

48.93

50.13

Tf21
(Deg C)
39.85
40.71
39.14
38.9
38.88
39.16
39.46
37.89
36.77
40.43
42.19

42.07

42.89
44.95
44.79
45.24
'K.gg
45.19
45.14
44.85
45.47
45.7
>4 1
46.19
46.15

44.97

46.29

avs

222

Tabl

(Deg C)

60.11

81.7

75.82

80.15

79.8

81.92

85.64

68.77

68.64

90.56

96.46

95.08

96.66

99.25

101.5

101.12

100.82

102.1

100.81

99.92

101.6

101.77

102.8

101.86

103.98

105.86

TGI

(Deg C)

49

55.66

53.02

53.87

53.85

54.57

55.87

49.63

49.5

58

61.07

60.77

61.3

62.47

67.78

67.68

67.92

68.22

67.91

67.44

68.22

68.45

69.1

68.92

65.64

69.17

Thpl

(Deg C)

47.91

57.8

55.12

56.21

56.33

57.16

59.08

55.19

51.04

61.81

65.6

65.65

66.11

67.58

75.13

75.37

75.33

75.85

75.59

75.1

75.49

75.68

76.29

76.33

71.85

76.31

Efficiency

0.837

0.812

0.812

0.786

0.778

0.763

0.77

0.8

0.792

0.742

0.745

0.779

0.766

0.76

0.757

0.775

0.764

0.769

0.776

0.783

0.758

0.76

0.756

0.772

0.786

0.758



13:30

13:32

13:34

13:36

13:38

13:40

13:42

13:44

13:46

13:48

13:50

13

13:

13:

13:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

14:

152

54

56

58

00

02

04

08

10

12

14

16

18

20

22

24

26

28

30.

29.

29.

30.

29.

32.

34.

34.

34.

33.

33.

33.

34.

34.

34.

34.

34.

34.

32.

31.

29.

29.

28.

28.

28.

28.

29.

30.

28

28.

43

35

18

36

73

85

97

65

66

42

02

47

36

94

29

37

76

.94

96

31.88

31.48

30.78

31.09

30.63

31.46

31.72

32.13

32.15

32.23

32.63

31.98

32.72

32.82

32.88

32.75

33.09

32.42

31.94

31.5

31.35

31.05

30.6

30.53

30.35

30.62

30.98

30.59

30.39

43.86

41.32

39.88

40.44

39.69

42.26

47.67

48.1

48.98

49.31

49.59

49.61

49.73

49.84

49.94

49.96

49.99

50.05

46.84

42.77

39.13

37.87

36.94

38.08

36

35.87

37.64

39.06

39.78

38.95

41.15
39.47
38.32
39.44
38.38
41.06
44.83
45.25
45.59
45.74

46.02

45.93
46.06
46.39
46.16
46.06
46.32
43.36
40.49
37.93
37.2
36.52
35.77
35.69
35.56
37.52
38.63
38.84

37.75
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81.07

72.45

68.95

75.78

70.65

84.96

88.54

98.88

100.55

101.03

100.26

100.18

98.8

99.19

99.39

99.38

99.48

99.32

82.75

76.43

61.85

58.15

55.34

52.81

53.06

71.3

74.7

67.76

56.01

52.3

50.46

52.98

50.98

56.8

66.75

67.17

67.96

68.24

68.29

67.93

67.78

67.91

68.17

68.04

68

68.17

61.1

54.18

48.22

46.64

45.38

44.18

44.08

43.99

48.75

51.12

52.25

49.7

58.53

53.69

51.53

54.21

59.18

73.35

73.72

74.

75.

75.

89

26

18

75.2

74.

37

74.41

74.

74

74.

74.

65.

55.

48.

46.

44.

43.

43.

43.

48.

51.

53.

50.

42

49

57

56

34

99

29

74

37

26

09

75

78

53

0.806

0.798

0.805

0.742

0.794

0.735

0.754

0.752

0.76

0.764

0.782

0.763

0.763

0.756

0.77

0.765

0.763

0.801

0.8

0.788

0.758

0.754

0.754

0.731

0.71

0.715

0.727

0.756

0.779



14:30

14:32

14:34

14:36

14:38

14:40

14:42

14:44

14:46

14:48

14:50

14

14:

14:

14:

15:

15:

15:

15:

15:

15:

15:

15:

15:

15:

15:

15:

15:

15:

15:
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10
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14
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20
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24

26
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30.76

39.61

31.99

31.95

29.4

29.48

29.85

33.23

34.94

35.12

33.96

33.93

34.22

31.72

30.47

31.52

32.9

33.86

35.48

34.41

34.67

33.15

32.33

31.07

33.01

33.24

32.72

33.76

33.74

33.4

30.62

30.75

31.32

30.98

30.92

30.96

31.71

32.55

33.01

32.23

32.25

32.2

32.14

31.47

31.75

32.07

32.2

32.78

31.91

32.33

32.09

31.77

31.77

32.01

32.39

32.32

32.05

32.48

32.89

41.34

39.73

42.08

42.13

39.93

38.33

38.35

44.15

47.7

48.44

48.74

49.72

50.44

48.99

44.71

42.48

43.39

45.46

47.22

47.41

47.44

47.31

45.13

41.88

44.59

44.87

43.74

45.56

46.33
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40.73
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38.41

37.34

37.73

42.4

44.89

45.45

44.96

45.63
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41.34

40.17
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43.02
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44.34

43.77

43.88

43.66

41.89

44

39.63

42.17

41.25
42.86
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42.67

43.33

72.68

69.13

73.25

73.24

68.39

61.57

64.67

92.4

93.72

94.53

95.26

99.51

102.16

83.53

92.96

98.29

98.96

96.59

95.31

71.39

89.69

88.76

78.87

90.79

90.78

92.82

55.39

56.07

56.21

50.39

47.69

48.64

59.98

65.21

65.88

67.65

68.77

64.68

57.16

53.61

56.73

60.64

63.18

63.08

62.55

62.03

57.58

52.12

59.05

59.01

55.4

59.87

59.78

60.81

57.73

51.58

58.28

58.37

51.38

47.79

48.55

63.5

70.3

71.08

71.85

74.26

75.97

70.49

60.3

55.24

58.76

64.2

67.32

68.02

67.15

66.51

60.53

53.27

62.22

62.32

57.27

63.04

63.11

64.18
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0.744

0.754
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0.743
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16:04
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33.95
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33.35
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33.79

33.67

33.38

33.45

33.29

32.78

32.44

33.47

33.15

33.3

31.22

33.18

33.64

32.99

33.7

33.59

33.64

33.02

33.55
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32.

32.

32.

32.
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32.
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31.71
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31.85

31.81

31.73

32.11

32.

17

46.79

46.94

47

47.15

47.18

47.33

47.33

47.33

47.34

47.24

47.14
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45.76

43.76

44.51

45.17

45.58

45.68

43.71

39.98

42.11
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44.27

44.81

44.85

45.02

44.81

45.75

43.79
43.67
43.67
43.74
43.64
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43.29
43.33
43.41
43.08
42.78
42.89
42.91
41.81
40.44
41.31
42.21
42.07
42.1

40.06

39.92
40.89
40.77
40.97
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41.09
41.51

41.54
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49.08

49.21

47.15

47.56
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APPENDIX 6

COMPUTER PROGRAM
6.1: Program Flow Chart for Solving the temperature equations.
PROGRAM name



6.2 NOMENCLATURE FOR COMPUTER PROGRAM

ABpab
ABTHI
AFVEL1
AFVEL2
AFVEL3
AIDEN1
AIDEN2
AIDEN3
AINTf
AISPH1
AISPH2
AISPH3
AMBTa
AMFR
APABS
APDEN
APEMI
APREF
APSPH
APTCK
ATMOpr
BPDEN

BPSPH

Absorber plate absorptivity
Absorber plate thickness
Air flow velocity through channel 1
Air flow velocity through channel 2
Air flow velocity through channel 3
Air density in channel 1
Air density in Channel 2
Air density in channel 3
Air inlet temperature
Air specific heat capacity in channel 1
Air specific heat capacity in channel 2
Air specific heat capacity in channel 3
Ambient tempsrature K
Air mass flow rate
Absorber plate absorptivity
Absorber plate material density
Absorber plate emissivity

rtk -ivmvhannel 1
Absorber plate reflectivity
Absorber plate specific heat
Absorber plate thermal conductivity
Atmospheric pressure ™
Back plate material density

Back plate specific heat
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BPTCK Back plat material thermal conductivity

BPTHI  Back plate thickness

CLENG Collector length

CWIDTH Collector width

Declin Declination angle

DISINT Distance interval

Emiabb  Emissivity for air gap between absorber and back plates
Emiabl  Emissivity of air gap between absorber plate and first glass cover
EXCO Extinction coefficient

FAGH1  First air gap height

FChtcl  Forced convection Nusselt number in first flow channel
FChtc2  Forced convection Nusselt number in second flow channel
FChtc3  Forced convection Nusselt number in third flow channel
Fl gab First glass cover absorption fraction

GASCR Gas constant

GDEN  Glass density

GEMI Glass emissivity

GPalre  Glass parallel reflectivity

Gperef  Glass perpendicular reflectivity
. e it

GRVACC Gravitational acceleration
GSPH Glass specific heat capacity :
GTabre  Glass transmittance with both absorption and reflection

GTCK  Glass thermal conductivity

a a . V. i -i

GTHI Glass thicknesss

GTnoa  Glass transmittance when not absorbing
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GTwoa
Hangle
Hour
HTCtn
HTCtf2
HTCtfi
Hydradl
Hydrad2
Hydrad3
INang
INMDEN
INMSPH
INS
INSem
INShtc
INMTCK
INMTHI
J,K

Lat

LE

Pl

Prandl
Prand2
Prand3

REang

Glass transmittance with only aborptivity
Hour angle
Local time hour
Forced convection heat transfer coefficient for first flow channel
Forced convection heat transfer coefficient for second flow channel
Forced convection heat transfer coefficient for third flow channel
Hydraulic diameter for first flow channel
Hydraulic diameter for second flow channel
Hydraulic diameter for third flow channel
Incident angle in degrees
Insulation material density
Insulation material specific heat
Insulation
Insulation emissivity )
ec* chitM 1. % rcc* *u -
Insulation heat transfer coefficient
Insulation material thermal conductivity
Insulation material thickness
Integers to _determine numberl ?f iterations
Latitude |
Less than
Phi
Prandtl number in first flow channel
>Ui liii,. In  {W till Ciil
Prandtl number in second flow channel
Prandtl number in third flow channel

< >» .in
Refractive angle in degrees
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Rennol
Renno2
Renno3
RHabbp
RHBabl
Rhina
RIA
RIG
SAGHI
SIN
STBCON
Tabl
TAGHI
Thpl
Tfl 1
Tf21
Tf31
TILAN
TIMINT
Tinsl
TOPgap
TPMC
Ttl

Yn

Reynolds number in first flow channel
Reynolds number in second flow channel
Reynolds number in third flow channel
Radiation heat transfer coefficient between absorber and back plates
Radiation heat transfer coefficient between absorber plate and first glass cover
Radiation heat transfer coefficient between insulation and ambient
Refractive index of air
Refractive index of glass
Second air gap height
Sine
Stefan-BoItzmaLnn constant
Temperatu"re of the absorber plate
Third air gap height
Temperature of the back plate
Temperature of air in the first flow channel
LG Ll .
Temperature of air in the second flow channel
Temperature of air in the third flow channel
Tilt angle
Time interval
Temperature of insulation
Top glass cover absorption fraction
Trple pass mode colector

Temperature of top cover

Day of the year

k> >|

air in the set vnd Howe
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6.3: COMPUTER PROGRAM FOR THE TRIPLE PASS MODE

PROGRAM TPMC
('"TPMC:7Wple pass modeflat plate collector predicts the performance ofthe
collector under transient conditions.
IA list of all variable types and parameters that will be used.
'Also includes those calculated constants that will not change as the program
runs).

USE INS (A Modulefor inputing the values ofsolar Insolation, Ambient temperatures.
Wind velocity. Minutes past the hour)

INTEGER::.!,K

REAL::Yn,Hour,DLH,Dsn,RES

REAL:: AE,C4,L,P,G4,H4,K4,H5,K5,H6,N3,D4,Ub

REAL:: AMBTa,AINTf,AMHChw,SKYTEM,AMRhtc,RHftc,Glref,INang,REang,CEF

REAL.:.:GTnoa,GPeref,GPalre,GTwoa,GTabre, TOPgab,Flrgab,ABpab,RHBabl,HTCtfl,FCh

tc 1,FChtc2

REAL::Rennol ,Renno2,Renno3,HTCtf3,HTCtf2,Hydrad 1,Hydrad2,FChtc3

REAL.::Hydrad3,INShtc,Declin,Hangle, ATMopr,Rhina,Ha,Hab

REAL::Tt1Tfl 1, T11Jab 1, Tf21,Tfm 1, Tfin2, Tfm3

REAL::Tbpl, Tf31,Tinsl

REAL::AIDEN1AIDEN2,AIDEN3,AISPH 1, AISPH2,AISPH3,ADVIS1,ADVIS2,

ADVIS3,Prandl ,Prand2,Prand3,Cp

.'Declare Parameters
REAL,PARAMETER: :GDEN=2500.0,GSPH=670.0,GTCK=1.04,APDEN=7850.0,
APSPH=465.0,APTCK=53.6,BPDEN=7850.0,BPSPH=465.5
REAL,PARAMETER::BPTCK=53.6,INMDEN=50.0,TIMINT=100.0,DISINT=0.0078,
GTHI=0.003,ABTHI=0.0016
REAL,PARAMETER::BPTHI=0.0012,INMSPH=670.0,INMTCK=0.03,CLENG=T.50,
CWIDTH=0.90,FAGHI=0.02,SAGHI=0.03,TAGHI=0.025
REAL,PARAMETER::STBCON=5.669E8,RIA=1.0,R1G=1.526,EXC0O=4.0,
GEMI=0.012, TILAN=0.0,GRVACC=9.81
REAL,PARAMETER::APEMI=0.94, APREF=0.06,APABS=0.94, GASCR=287.0,
Lat=0.023,INMTHI=0.01,INSem=0.012
REAL,PARAMETER::Emiab1=83.4,Emiabb=4.41, AFVEL1=1.5AFVEL2=1.0,
AFVEL3=1.2,P1=3.14159,AMFR=0,0324

A=1/(GDEN*GSPH*GTHI)
E=1/(APDEN*APSPH*ABTHI)
P=1/(INMDEN*INMTHI*INMSPH)
L=1/(BPDEN*BPTHI*BPSPH)
WRITE(6,*)'A, E, P'
WRITE(6,*)AE,P

DO 380 K=l,l
".Please enter atmospheric pressure, N/m2, Day oftheyear (count), Hour ofday in 24 hour
system, and ambient Temperature, K
WRITE (6,*) 'Enter ATMOPr,Yn,Hour,AMBTa in this order.’
READ (5,*)ATMOPr,Yn,Hour, AMBTa
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IF (ATMOPr.LE.O) Exit

\ow the Innerloop that inputs data and does preliminary calculations.
DO 3701=1,5
AINTf=T(l)
AMBTa = T(I)
'For determination o f collector components transmission and absorption, enter hours
between 8 and 18.
Declin=(23.45*SIN(360*((284+Yn)/365)))*P1/180
IF(Hour.GE.8.AND.Hour.LE. 18)THEN
Hangle=(((Hour-12)*60+U(l))* 15/60)*P1/180
ELSE
Hangle =0
ENDIF
".Morning hours will give a negative valuefor Hangle.

WRITE(6,*) 'Now calculating the angle of incidence,angles should be in radians'
DLH=COS(Declin)*COS(Lat)*COS(Hangle)
Dsn=SIN(Declin)*SIN(Lat)
INang=ACOS(DLH+Dsn)

WRJTE(6,*)'INang'

WRTTE(6,*)INang

WRITE(6,*)'Refractive angle is,REang'

RES=SIN(INang)*(RIA/RIG)
REang=ASIN(RES)

WRITE(6,*)REang
GPeref=(SIN(REang-INang))**2/(SIN(REang+INang))**2
GPalre=(TAN(REang-INang))**2/(TAN(REang+INang))**2

WRJTE(6,*)'Glass reflactance is,Glref

Glref=0.5*(GPeref+GPalre)

WRITE(6,*)Glref

WRITE(6,*)'Glass transmitancewith reflection only.GTnoa'
GTnoa=0.5*(( 1-GPeref)/( 1+GPeref)+( 1-GPalre)/( 1+GPalre))
WRITE(6,*)GTnoa
WRITE(6,*)'Glass transmitance with only absorption,GTwoa'
GTwoa=EXP(-EXCO*GTHI/COS(REang))
WRITE(6,*)GTwoa
WRITE(6,*)'Glass transmissivity with both absorption and reflection,GTabre'
GTabre=GTnoa*GTwoa
WRITE(6,*)GTabre
WRITE(6,*)'Top glass cover absorption fraction, TOPgab'
TOPgab=(1-Glref-GTabre)*( 1+Glref*GTabre)
WRITE(6,*)TOPgab
WRITE(6,*)'First glass cover absorption fiaction,Flrgab’
F Irgab=(1-Glref-GTabre)*(GTabre+GTabre*GlreP*2)
WRITE(6,*)F Irgab
WRITE(6,*)'Absorber plate absorption fraction,ABpab'
ABpab=(GTabre**2)*APABS* (I Kjlref**2+Glref*APREF)
WRITE(6,*)ABpab
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\VRITE(6,*)'Calculation of heat transfer coefficient by wind AMHChw'

AMHChw=5.7+3.8*V/(l)
WRITE(6,*)AMHChw
\VRITE(6,*)'Sky temperature, K,SKYTEM’
SKYTEM=0.0552*(T(I)** 1.5)
\WVRITE(6,*)SKYTEM
".Have to initialise the temperatures.(Should be according to a pre-experiment data)

Ttl=
Tfll=
T11=
Tf21=
Tabl=
TD1=
Thpl=
Tinsl=
DO 150J= 1,15
Tfml = (AINTf+Tfl 1)*0.5
Tfm2 = (Tf21+Tfl 1)*0.5
Tfm3 = (Tf31+Tf21)*0.5
AIDEN1 = ATMOPr/(GASCR*Tfml)
AIDEN2 = ATMOPr/(GASCR*Tfm2)
AIDEN3 = ATMOPr/(GASCR*Tfm3)
AISPH1 = 970.174 + 6.788E-2*Tfm 1+ 1.657E-4*(TfmI**2)- 6.787E-8*(TfmI**3)
AISPH2 = 970.174 + 6.788E-2*Tfm2 + 1.657E-4*(Tfm2**2)- 6.787E-8*(Tfm2**3)
AISPH3 = 970.174 + 6.788E-2*Tfm3 + 1.657E-4*(Tfm3**2)- 6.787E-8*(Tfm3**3)
AThcol = 7.2E-5*Tfml +4.64E-3
AThco2 = 7.2E-5*Tfm2 +4.64E-3
AThco3 = 7.2E-5*Tfm3 +4.64E-3
ADV1S1 = 4. 4E-8*Tfml + 4.64E-6
ADVIS2 = 4. 4E-8*Tfm2 + 4.64E-6
ADVIS3 = 4.4E-8*Tfm3 + 4.64E-6
Cp = (AISPH1 + AISPH2 + AISPH3)/3
Prandl = (AISPHI*ADVISI)/AThcol
Prand2 = (AISPH2*ADVI1S2)/AThco2
Prand3 = (AISPH3*ADVI1S3)/AThco3
H4= 1/(AIDEN1*AISPH1*TAGHI)
H5 = 1/(AIDEN2*AISPH2*SAGHI)
H6 = 1/(AIDEN3*AISPH3*FAGHI)
WRITE(6,*)'Cp,Prand 1,Prand2)Prand3'
WRTTE(6,*)Cp,Prandl ,Prand2,Prand3
WRITE(6,*)'Top glass to ambient radiation heat transfer coefficient, AMRhtc'
AMRhtc=STBCON*GEMI*(T11**4-SKYTEM**4)/(Tt1-T(l))
WRITE(6,*)AMRhtc
WRITE(6,*)'Radiation heat transfer coefficient between first and top glass,RHftc'
RHftc=STBCON*(TI I**2+Ttl**2)*(TI 1+ Ttl)/((2/GEMI)-I)
Ha=AMHChw+AMRhtc
WRITE(6,*)RHftc,Ha
WRITE(6,*)'Forced convection heat transfer for the first flow channel, HTCtfI'
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Hydradl=4*CWIDTH*TAGHI/(2*(CWIDTH+TAGH]I))

Renno3=AFVEL3*Hydradl*AIDENI/ADVISI
FChtcl=0.0158*(Renno3**(4/5))
HTCtn =FChtc 1*AThco YHydrad 1
WRITE(6,*)'Renno3, HTCtn'
WRITE(6,*)Renno3,HTCtfl
WRITE(6,*)'Forced convection heat transfer coefficient between top glass and fluid is
equalto & that between the first glass and the flowing fluid'

C4=Ha+HTCtf1+RHftc
K4=HTCtfI*2
WRITE(6,*)'C4, K4'
WRITE(6,*)C4,K4
WRITE(6,*)'Insulation heat transfer coefficient, INShtc'
Rhina=STBCON*INSem*(Tins 1**4-SKYTEM**4)/(Tins 1-T(I))
INShtc=INMTCK/INMTHI + BPTHI/BPTCK + I/(Rhina+tAMHChw)
Ub = YINShtc
Hins=Rhina+tAMHChw
WRITE(6,*)'INShtc , Rhina , Hins,Ub'
WRJTE(6,*)INShtc,Rhina,Hins,Ub
WRITE(6,*)'Radiation heat transfer coefficient between absorber first glass plates,RHBabl'
RHBabl=STBCON*(Tabl**2+TI I**2)*(Tabl+TI 1)/Emiabl
WRITE(6,*)RHBab 1
WRITE(6,*)'Forced convection heat transfer coefficient for the second flow channel HTCtf2*

Hydrad2=4*CWIDTH*SAGHI/(2*(CWIDTH+SAGHI))
Renno2=AFVEL2*Hydrad2*AIDEN2/ADVIS2
FChtc2=0.0158*(Renno2**(4/5))
HTCtf2=FChtc2*AThco2/Hydrad?2

WRITE(6,*)'Renno2, HTCtf2’

WRITE(6,*)Renno2,HTCtf2

WRITE(6,*)'Forced convection heat transfer coefficient between absorber and fluid is equal
to& that between first glass and flowing fluid'

D4=RHBab 1+HTCtfl +HTCtf2+RHftc
K5=2*HTCtf2
WRJTE(6,*)'D4, K5’
WRITE(6,*)D4,K5
WRITE(6,*)'Forced convection heat transfer coefficient for the third flow channel, HTCtf3'

Hydrad3=4*CWIDTH*FAGHI/(2*(CWIDTH+FAGH]I))
fo'r, e * ' . I
Renno 1=AFVEL 1*Hydrad3/ADVIS3
FChtc3=0.0158*(Rennol**(4/5))
HTCtf3=FChtc3*AThco3/Hydrad3
WRITE(6,*)'Rennol , HTCtf3'
WRITE(6,*)Renno 1,HTCtf3
WRITE(G,*)'Radig\{ion heat transfer coqf_ﬁigiegts ﬁetween absorber and back plates,Hab’
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Hab=STBCON*(Tab 1**2+Thp 16*2)*(Tab 1+ Tbp 1)/Emiabb

G4=HTCtf2+HTCtO+Hab+RHBab 1
N3=Hab+HTCtf3

WRJTE(6,*)'Hab , G4 , N3'

WRITE(6,*)Hab , G4 , N3

'Calculation ofthe component temperatures and the collector efficiency.

Tt I=Tt .+ A*TIMINT*(S(1) TOPgab+Ha*T(1)+HTCtFL*Tfl I+RHflc*TI 1-C4*Ttl)

THl 1=Tn +HA*TIMINT*(HTCHL* Tt I+HTCHI*T 11-K4*Tfl 1)

T11=T 11+A*TIMINT*(S(1)*F Irgab+RHBab 1*Tab1+HTCtfl *Tf LI+HTCtf2*Tf21 +
RHftc*Ttl-D4*TI 1)

Tf21=TR2I+H5*TIMINT*(HTCtf2*T1 [+HTCtf2*Tab 1-K5*Tf21)

Tab I=Tab I+E*TIMINT (S()* ABpab+HTCtf2* Tf21+HTCtO*TO1+RHBab 1*T11+
Hab*Tbp 1-G4*Tab 1)

IF(Tabl- Tab.GE. 0.05) THEN

TO 1=TO 1+HE*TIMINT*(HTCtO *Tab 1+HTCtO*Thp 1-K5*TO 1)
Tbp 1=Tbp I+L*TIMINT*Hab*(Tab 1-Tbp 1)- LTIMINT*HTCtO*(Thp 1-TO 1)-
L*Ub*TIMINT*(Tbp 1-T(l))
BSE
WTITE* ‘No convergence’
Tabl = (Tabl+Tab)/2

END IF

CEF=AMFR*Cp*(TO I-AINTf)/(CLENG*CWIDTH*S(I))

150 CONTINUE

WRITE (6,'(15F7.2))S(1),V(I), T()Jt LTfl 1, T11,Tf21Jab 1JO 1, Thplins 1,CEF

370 CONTINUE
380 CONTINUE
END PROGRAM TPMCmo

MODULE INS
INTEGER:: |

REAL:: S(5)= (/654.8,764.5,948.7,961.2,734.9/)

REAL:: T(5)=(/297.3,298.01,298.94,298.50,298.45/)

REAL:: V(5)= (/0.958,1.458,0.208,0.233,0.633/)
(1% \ 1 Y

INTEGER:: U(5)= (/0,2,4,6,8/)

END MODULE INS
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APPENDIX 7
A CD copy of the computer program.
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