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ABSTRACT

This research work aimed at an understanding of the impact of using local agricultural residues to enhance building performance in Namibia. As human lifestyles improved with the emergence of high economic growth and technologies, the increasing demand for energy in Namibia as a developing country is posing a serious challenge to government and lawmakers in the allocation of funds for appropriate researches and technologies. One such appropriate kinds of research involve developing appropriate material technologies that will improve energy efficiency in the form of using agricultural residues/wastes readily available in Namibia.
Like other developing countries, the building sector accounts for approximately 40% of total energy

usage in Namibia. For that purpose, the efficient use of energy within buildings is a needed requisite to alienate against rising energy costs and contribute towards decreasing global greenhouse gas emissions. Namibia´s energy usage of buildings closely reflects these global trends and this research therefore aimed at validating its results through the construction of rigs following the design concept of the prototype of the EEBN (Energy Efficient Building in Namibia) research project at the Namibia University of Science and Technology campus that was designed, constructed and equipped through funding from EEP (Energy Efficiency Programme), in partnership between NUST and Carinthia University of Applied Sciences Austria.

Through appropriate mixed designs of well-selected locally available agricultural residues, insulating boards and bricks of standard sizes were developed, and results validated through the construction of rigs. Thermal conductivities and transmissibility of the insulating boards together with compressive strength, water absorption were also measured for bricks to measure the degree of thermal effectiveness/efficiency of a standard residential building.     This is to establish how the use of affordable and readily available local materials can be used to develop high-quality and energy- efficient building materials which when used in building construction will improve the comfort level of occupants without the use of conventional heating and cooling devices.

Vary mixed percentages of residues of maize, millet, rice, and cow dung were designed to develop eleven 220cm by 110 cm by 40 cm board samples (labelled AK) from residues of maize, millet, rice, and cow dung. The samples were compacted, sun-dried for 7 days, and tested for thermal conductivity and thermal resistivity using a thermal conductivity test machine EP500e. Results from the eleven samples tested revealed that sample C (composed of 10% maize, 10% millet, 30% rice, and 40% cow dung) gives the lowest thermal conductivity (i.e.

of 54.65 mW/(m*K)) and the highest thermal resistivity (i.e. 0.6935 m2K/W), hence a very good thermal efficiency as compared with sample A (composed of 40% maize, 30% millet, 10% rice and 20% cow dung) that gave the highest thermal conductivity and lowest thermal resistivity, hence considered poor thermal efficiency. Regression analyses conducted between the best (i.e. sample C) and the worst (i.e. sample A) revealed an R2 value of 95% and 91% respectively

Test rigs were constructed and equipped with appropriate devices both inside and outside. Wide- ranging measurements were conducted, and results related to thermal behaviour of the interior at fluctuating changes in temperature at the exterior especially at extreme summer and winter periods were obtained.

The three prototype Rigs, with varying compositions, were designed and built using standard building procedures. Rig A (TAR 1) with 150 mm thick internal and external walls; made of standard bricks of 7 MPa, insulated with a compacted mixture containing 20% (wt.) Maize, 10 % (wt.) Millet, 30% (wt.) Rice and 40% (wt.),
30% (wt.) Cow dung; Rig B (Tamb2) 40% (wt.) with Maize, 30% (wt.), Millet, 10% (wt.), 20% (wt.), 20%wt. Marble dust and C (TNo3) that serve as control rig. Outside and inside temperatures of the Rigs were monitored during the warm (September 2017 - March 2018) and cold (April to August – 2018) seasons. Temperature and humidity sensors installed at critical positions in the interior of the building were connected to the symmetron data logger. Results of the three design concepts revealed that TAR 1 (Rig A) attained maximum and minimum temperatures of 24.40C and 14.80C, and humidity of 26.4% during winter and 29.60C and 19.30C during summer with an average humidity of 21.1%. Tamb2 (Rig B) recorded a maximum and minimum temperature of 31.220C and 18.70C during summer with a relative humidity of 20.3%. During winter Rig B attained an average temperature of 22.600C. Furthermore, Rig C (TN03) recorded 32.220C and 21.700C in summer and winter respectively. From the results, it can be deduced that Rig A (TAR 1) with compositions of 20% (wt.) Maize, 10 % (wt.) Millet, 30% (wt.) Rice and 40% (wt.), 30% (wt.) Cow dung; had the best performance.

Simulation on results obtained from the rigs was also done using Ansys software.

This research showed that results from both software and measured are approximately the same.
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1.1	Overview

INTRODUCTION


Due to exponential growth in population in recent times as a result of the emerging industrial revolution, there is an increase in energy use in all spheres of life. In recent years, the method of energy generation and conservation has and continues to be a global issue. The energy in buildings can be consumed in many ways. In Europe for example, it was found that 52% of energy is consumed in buildings (Sanoussi, 2012). Similarly, Nina (2006) has shown five ways in which buildings consume energy, namely: embodied energy that is consumed in the manufacture of construction materials; grey energy that is consumed in the distribution and transportation of the materials to the construction site; induced energy that is used up all through the construction of the materials; operating energy that is consumed in succession the building and its equipment and appliances; and energy that is consumed during the maintenance, alteration, and demolition of the buildings(Nina, 2006).
The consumption of energy in any building is a function of the building’s orientation, design, material

type, and usage. To maintain good and comfortable indoor building conditions, the use of thermal insulation is a key parameter that measures a building's energy efficiency. By appropriately insulating buildings one can reduce operational costs, dependence on external primary energy supplies, and other environmental challenges such as CO2 emissions. Additionally, from a broader perspective, the building sector accounts for 40% of CO2 emissions (Castell et al., 2009).
The need to lessen energy usage and the associated carbon emissions on a global level is commonly known and varying techniques are widely being invented and used in most developed and developing countries in recent times. In Namibia, since over 10278 houses are built every year (Sweeney, 2011), there are growing energy needs and consumption in the country that has a tremendous impact on emission levels during the building’s life cycle.   Reducing energy consumption therefore reduces carbon emissions that are associated with energy generation for Namibia.

Moreover, moving away from the conventional methods of building construction and introducing new, efficient, and affordable building techniques will mitigate the current situation (Onjefu et al., 2019). Techniques like producing materials that require less energy to manufacture but demonstrate better

thermal efficiency at reduced energy requirements in ensuring ambient indoor temperatures at both hotter and cooler seasons.

Thermal insulator materials are those that resist the flow of heat to a great level. The efficient use of this property of materials to conserve heat energy depends on the material type which in turn, brings in the cost factor (Ekoja et al., 2016). Hence, the need for materials with the most economic advantage is at hand.
Insulating materials used in buildings in Namibia and most developing countries are imported hence very expensive and inaccessible to many due to their income levels. Thus there is a need to develop new and affordable techniques of producing insulating materials that ensure high building performance in terms of energy efficiency i.e. using less or no externally driven energy to ensure ambient indoor temperature regardless of fluctuating outdoor temperatures throughout a year. Affordability comes into play when materials that are locally and abundantly available are used to produce energy-efficient materials that replaced imported ones.
To ensure the above-mentioned output, this research aimed at conducting a comprehensive study of

the impact of using locally available agricultural residues/wastes in building developing materials that will ensure high building performance in terms of energy efficiency in Namibia.
The agricultural residue is a biological material (biomass), it is biodegradable and can be used for

insulation purposes (Zulkifli et al., 2009; Panyakaew and Fotios, 2008).

Furthermore, renewable biodegradable building thermal insulation can have a net reduction in CO2 emissions during the building’s life cycle. An economical, reliable, and abundant supply of biodegradable fibrous materials can be obtained as waste by-products from many commercial agricultural processing industries (Rodriguez et al., 2011). Materials such as coconut fibre, sugarcane fibre, cotton, wheat straw, date palm leaves, oil palm fibre, and others which consist of lignocelluloses fibres are promising alternatives for use as biodegradable, renewable, environmentally friendly building thermal insulation (Zhou et al., 2010; Al-Juruf et al., 1988). Though the main pointer of the quality of insulating material is based on the thermal conductivity of the materials, accurate findings of the thermal conductivity require special tools (Khomenko, 1974; Laser Comp, 2006).
In this research, agricultural residues in the form of millet husk, rice husk, maize husk, cow dung, and

marble dust that are abundant in many parts of Namibia were chosen and used. Been the first in Namibia, the results obtained in this research provides a strong foundation for further researches in the development and mass production of appropriate, affordable, and easy-to-produce wide-ranging
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energy-efficient building materials locally. This will not only reduce the over-reliance of such materials from high technologically advanced countries that continue to put tremendous stress in our local economy due to the importation of conventional heating and cooling devices but also increase the development of non-affordable and non-energy efficient housing in Namibia and other countries of similar situations.



1.2 Key Information about Namibia

Namibia, which became an independent and Republic in March 1990 is located in southwest Africa with its capital city Windhoek. It has an area of 824.292 km² with a Population of 2.2 million according to the national census conducted in 2011. However, the current population has increased to 2.55 million in 2020. In the west, the country borders the Atlantic Ocean, to northern Angola, Botswana to the east, and the Republic of South Africa to the south as shown in Fig. 1.1. The name of the country is derived from the Namib Desert, which nearly occupies the entire coastal area of the country (Zalaudek,
2013). The climate is arid, generally dry, and extremely hot with temperatures in the range of above

40°C during summer to -5°C in mid-winter in some parts of the country. The average yearly temperatures of Namibia range between 13°C and 22°C.
The country’s capital is Windhoek situated at Latitude [°N] 22, 57° (22°33‘36‘S) and longitude [°E] +17,

10° (17°05‘24‘‘E). Covering an area of 37.007 km² and a population of close to 300,000 inhabitants, Windhoek is the economic and political centre of the State. It is the geographic centre of the country, amid the Eros Mountains in the east, Auas Mountains to the south, and Khomas Highland in the west and north as in Fig. 1.1. It was founded in 1890 as a modern city and holds approximately 40% of the total population of Namibia (Rosenlund, 2000).




Figure 1.1: Map of Namibia (Bahrami, 2008)





1.3 Climate

1.3.1 Introduction

According to the Namibia Meteorological Service, (2008), Namibia extends from 17°S to 25°S latitude: climatically the range of the Sub-Tropical High-Pressure Belt. The overall climate report is arid, descending from the Sub-Humid (mean rain above 500 mm) through Semi-Arid between 300 and
500 mm and Arid from 150 to 300 mm. Temperature maxima are limited by the overall elevation of the entire region: only in the far south, Warm bad for instance, are mid-40 °C maxima recorded as shown in Fig. 1.2.

Namibia has more than 300 days of sunshine per year due to its Sub - Tropical High-Pressure Belt and clear skies. It is located at the southern edge of the tropics; which cuts about half the Tropic of Capricorn. The winter period is from (June–August) and is generally dry; both rainy seasons occur in summer, the small rainy season between September and November, while there is more rainfall between February and April. Humidity is low, and the average rainfall varies from almost zero in

the coastal desert to more than 600 mm in the Caprivi Strip. Due to the dry winters’ snowfall has a very rare occurrence and prompts media coverage whenever it happens.



Figure 1.2 Namibia map of Climate Classification



1.3.2 Temperature

During the hot winter months (summer in the northern hemisphere), from late September to early April, the average values of the temperature are between 20°C and 26°C (Radhi, 2009). According to Radhi, (2009), during the winter period i.e. April - September, the monthly average temperature drops to 13°C. This leads to indoor heating demand either by using external conventional sources or by using other emerging forms like geothermic energy and passive sun-radiation.
Annual distribution of Namibia’s yearly temperatures and periods of annual minimum and maximum

temperatures are as shown in Figs. 1.3 – 1.5




Figure 1.3: Annual yearly temperature of Namibia (Zalaudek, 2013)







Figure 1.4: Average annual Temperatures in Namibia (Kamara, 2018).




Figure 1.5: Average min. and max. Temperatures in Windhoek, Namibia (Zalaudek, 2013).





1.3.3 Precipitation

Namibia is considered by a complex earth-atmospheric interactions system of low precipitation and moist air at the Atlantic coast (Namib Desert). Precipitation forms as water vapour condense, usually in rising air that expands and therefore cools (Kagbi et al., 2016). Also, the upward motion arises from air rising above mountains, warm air riding over cooler air (warm front), colder air pushing under warmer air (cold front), convection from local heating of the surface, and other weather and cloud systems (Trenberth, 2011). Trenberth further reported that precipitation characteristics significantly depend on temperature and other atmospheric conditions.
Windhoek in Namibia has an arid climate. The rainy season in 2010/2011 for instance witnessed more than 1,100 millimetres of rainfall, the rainiest in the 120-year history of the Namibian climate records. Normally the total precipitation is 370 mm (Zalaudek, 2013) as shown in Figs.1.6 and 1.7.




Figure1.6: Precipitation Namibia (Zalaudek, 2013)



Figure 1.7: Precipitation chart for Windhoek, Namibia (METEOTEST, Meteonorm, Version 7.0)



1.4 Statement of the problem

Due to the tremendous growth in the complexity of the human lifestyle in Namibia and globally, new technologies that require the use of appropriate energy sources and usage have emerged in the 21st century. According to recent findings, buildings, which are the leading energy users, constitute 40% of the total energy consumption in developed and developing countries, resulting in to increase in energy demand. In underdeveloped countries, the increasing energy demand in buildings and energy- dependent new technologies is gradually reaching a crisis level.

To control this growing energy demand, appropriate building technologies, and materials that will ensure high comfort levels with minimal energy consumption and low carbon emissions should be developed. Waste generation and unsafe disposal of agricultural residues can in most cases lead to environmental pollution and the depletion of the ozone layer, thereby leading to climate variability (Liang & Ho, 2007) , the development of technologies (through research) using such wastes in designing an energy-efficient building is thus becoming an absolute necessity in modern times.

Due to its growing focus on agriculture and the low utilisation of agricultural wastes/residues, the study focused on the use of wastes from millet (Pennisetum glaucum) husks, rice hulls, maize husks, and cow dung to develop an environmentally friendly and energy-efficient /thermal insulation building materials for building construction in Namibia. Wide-ranging investigations including laboratory tests were performed and appropriate isolation material was produced. The physical, mechanical, and thermal properties of the developed material were compared with internationally accepted building isolation materials.

1.5 Objectives of the Research


This study aims to carry out a comprehensive study of the impact of using locally available agricultural wastes/residues in the development of appropriate and highly rated energy-efficient building materials to be used in the design of affordable energy-efficient buildings in Namibia. Using such materials, building energy performance was measured to ascertain the extent of energy usage, degree of carbon capture / saved, and level of indoor comfort on building occupants/inhabitants with minimal use of conventional heating and cooling devices that use electricity from the general grid. The specific objectives are to:

1.   Develop affordable and highly thermal efficient insulating materials from millet (Pennisetum glaucum) husks, rice hulls, maize husks, and cow dung wastes/residue for the design of energy- efficient buildings.

2.   Carry out laboratory tests to determine the appropriateness of the physical, mechanical and thermal properties/behaviours of developed insulating materials to be used in energy-efficient buildings.

3.   Design the experimental test rig.


4.   Conduct a comparative thermal behaviour assessment with conventional insulating materials.

5. Measure and simulate possible energy savings and CO2 emission reductions between conventional and energy-efficient buildings using the developed energy-efficient construction materials.

6.   Validate experimental results using readily available simulation tools and techniques.





1.6 Research hypothesis


The hypotheses for this research are as follow:


1.  Agricultural wastes/residues produced from millet (Pennisetum glaucum) husks, rice hulls, maize husks, and cow dung results in a very good insulating material.
2.   The  development  and  implementation  of  thermal  insulated  structural  members  from

agricultural  wastes/residues will  help  to  lower energy consumption  in  buildings, thereby producing a highly energy-efficient building.
3.  The physical, mechanical, and thermal properties of the developed insulating material will perform the same or even have higher design values as compared with those internationally recognised and currently used in Namibia.
4.   The test rig designed using local materials and techniques in this research gives a higher thermal

efficiency and energy efficiency properties than those internationally recognised and used in

Namibia.

5.   Thermal and other energy efficiency components/parameters and results obtained to comply with internationally recognised design models that define an effective energy efficiency building.
6.   The design rig developed from materials used in the research contributes to new indigenous knowledge and has resulted in the development and design of affordable and energy-efficient buildings that reduce carbon footprint and ensure appropriate energy-saving measures.



1.7     Significance / Contribution of Research

Within the limits of my feasibility studies, even though Namibia produces a large volume of agricultural wastes/residues annually, not much has been done to fully utilise wastes/residues from Pennisetum glaucum husks, maize husks, and rice husks mixed with cow dung. With the quest for affordable
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housing at all levels of society especially the low-income group, research on the utilisation of such wastes/residues to produce affordable and locally produced insulating materials will be of great necessity that will meet the new Namibia vision of producing affordable energy-efficient housing for all using indigenous techniques and materials.

The effect of hot weather patterns on the living conditions and comfort level of occupants in most buildings especially those of low-income Namibians are worth considering. Findings on appropriate and effective heat efficient isolating building materials using locally produced agricultural wastes/residues are necessary. This will pave the way for producing affordable and low heat transmissibility housing from local /indigenous materials in Namibia.

Due to its uniqueness and originality, findings from this research will do more than just adding to new knowledge in the development of affordable materials that can be used towards designing heat/energy-efficient green buildings. It will also open opportunities to wide-ranging investigations on other readily available agricultural wastes/residues like Pennisetum glaucum husk (also known as pearl millet) widely produced in Namibia and SADC region. The output from the research will also contribute to the development of appropriate local/ regional building codes/standards that will lead to the limitation of the importation of isolating building materials that have been limiting the design of affordable and energy-efficient housing.




1.8 Structure of the thesis


This Ph.D. research thesis will be developed to contain seven chapters. What is contained in each chapter is as summarised below:

Chapter One – Introduction


Gives an overall view on the relationship between building energy performance and material use, Namibia, climatic/weather distribution pattern across Namibia, need of such research, objectives of the research, research hypothesis, contribution of the research, and proposed structure of research findings.

Chapter Two – Literature Review


The chapter will show details of in-depth information on the state of agriculture in Namibia, the extent of agricultural Wastes/Residues considered in the research in terms of types, behaviour, usefulness, and their environmental impacts. Summary of local, regional, and international researches has been carried on similar topics in terms of extent, key findings, limitations/gaps will be presented.

Chapter Three- Methodology and Procedure

The chapter will detail the various sample collection, the formation of particle board from the mix ratio of the various samples collected, and the production of bricks, preparation of the different rigs type is also depicted in this chapter. Also, the different apparatus/ equipment used in this research will be explained in the chapter.



Chapter Four: Experimental results


The results obtained from the laboratory testing of particleboard, bricks, and experimental rigs will be presented in this chapter.




Chapter Five: Analysis and discussion of Results


This chapter will discuss the results and simulation of the experimental results obtained from the previous Chapter.

Chapter Six: Validation of results

The Chapter will show details of the validation of measurement and simulated results.



Chapter Seven: Conclusions and Recommendations

This chapter gives a summary of the key findings along with important conclusions, future recommendations of work will be present in this Chapter as well.

CHAPTER TWO







LITERATURE REVIEW

2.1 Overview

According to existing literature, many works have been done globally using locally available materials in the design of affordable, sustainable, and energy-efficient housing. In Thailand, Satta and Steve (2008) used wastes from bagasse, rice hulls, coconut husks, corn stalk durian peels, and palm oil leaves to design particle boards. Results revealed that these wastes have reasonable insulating properties that can be used in any energy efficiency building. Binici (2015) in Turkey looked at the production of thermal insulation from animal wastes and vegetable/organic fibres. His results revealed that such wastes produced very good insulating materials that can be used in energy-efficient buildings. Also, in Turkey, Eskin (2008) looked at energy building in four major climatic zones and illustrated that the annual cooling energy requirement and annual total energy requirement of the energy buildings increase with high quantities of glazing, both in hot and humid climate zones. His results revealed the following: up to 10% of energy can be saved if light colours are chosen on external walls of buildings; maximum annual of 19.67% and 34.4% of energy are required for both cooling and heating respectively when 75mm insulation is provided in the interior walls in mild climates/environments.

In Europe, Manohar (2003) in Spain carried out an experimental investigation on building thermal insulation from oil palm fibre, sugar cane, and coconut fibres. Results revealed that sugarcane fibre with the lowest solid fibre density of 686 kg/m3 exhibited the lowest apparent thermal conductivity of
0.04610 W/m K and an increase in trend of solid fibre density of the material showed a rise in the

minimum thermal conductivity of the fibrous. Luamkanchanaphan, et. al., (2012) on the other hand looked at the physical, mechanical and thermal insulation from narrow-leafed cattail fibres. Results revealed that thermal conductivity values between 0.0438 – 0.0606 W/ m K were obtained for boards of density between 200 – 400kg/m3 when measured to ASTM C518 standards. Elias et. al., (2006) also conducted a comparative study on the thermal performance of building materials made from mud bricks and straw bales. Results revealed that straw bales have better thermal insulation properties.

Additionally, Sun and Xiao (2014) in China showed that energy-efficient building materials refer to the building materials with low energy consumption. On the other hand, Anas, (2010)  stated that for an enclosed boundary spaced building, the building insulation is used for the need of thermal transfer value. These findings showed that to achieve the target thermal transfer value the space building is designed to reduce the absorption of external heat and to minimize the cooling load system.

Patnaik et. al., (2015) in South Africa carried out a study on thermal and insulation from waste materials from wool and recycled polyester fibres. The study examined the thermal insulation properties concerning thermal conductivities and revealed that these materials had lower thermal conductivities; hence good building insulators.
In Chad, Mahamat et. al., (2008) evaluated the thermophysical characteristics of clay bricks mixed with

agricultural wastes. The study examined the thermal conductivity and thermal diffusivity of the materials and revealed that clay bricks mixed with millet pods have a good thermal performance and good energy-saving properties. Kyauta, et. al., (2014) investigated the thermal properties of composites of rice husks, corncob, and bagasse for building thermal insulation. Results revealed that the thermal conductivity and resistivity fall within the same range as the conventional materials, thereby making them suitable insulation materials.
In Uganda, Bwayo, et.al., (2014) used locally produced insulation bricks from sawdust mixed with local

clay. Results revealed that thermal conductivity increases with a decrease in particle size of kaolin and ball clay, but decreases with increases in particle sizes of sawdust

In Namibia, even though not much has been done, Domingue, (2012) researched producing sustainable paper insulation for structures built from corrugated iron sheets commonly known as ‘’Kambashus’’ mostly used in informal settlements. The study examined the thermal behaviour in terms of resistance, flammability, and efficiency of recycled waste materials to be used as insulators in such structures. Results revealed that a proportionate mixture of paper and sawdust under a well-controlled environment gives materials with good thermal behaviour that is ideal in such structures.
From the well-selected publications mentioned above, a reasonable number of researches have been

done and published in the area of construction materials developed from varying forms of wastes. However, based on works of literature at the disposal of this research, not much has been done in Namibia and across the SADC region in the use of locally available agricultural waste/residues in the development of energy-efficient materials as was done in this research.

considering the high volume of agricultural and animal wastes/residues like maize, rice, and Pennisetum glaucum, and cow dung produced in Namibia annually, there is a need to research how these wastes/residues can be used to produce thermal insulating materials that can be used to produce a low energy consumption building with very high comfort levels in Namibia. This will not only greatly contribute to the country’s diversified approach to energy supply and distribution, but also contribute to the “Green Building Initiatives” in the country.



2.2. Agriculture in Namibia


According to FAO, (2012), agriculture in Namibia contributes around 5% of the national Gross Domestic Product. However, between 25% and 40% of Namibians lived on subsistence agriculture and herding. The country produces primary products like livestock and meat products, crop farming, and forestry (United States Department of State, 2016). Due to its geographical location, only 2% of Namibia's land receives sufficient rainfall to grow crops. Also, all inland rivers are ephemeral making irrigation possible in valleys of the border of rivers Oranje, Kunene, and Okavango (Hoffmann, 2012).

Although Namibian agriculture (excluding fishing) contributes between 5% and 6% of Namibia's GDP from 2004-2009, a large percentage of the Namibian population depends on agricultural activities for livelihood, mostly in the subsistence sector. Animals and their products, and crop exports constituted roughly 10.7% of total Namibian exports. Due to emerging government regulations, retailers of fruits, vegetables, and other crop products must purchase 27.5% of local agriculture products hereby encouraging Namibians to purchase such products to avoid fluctuating importation costs, hence boost the local economy.

According to Weidlich, Brigitte (2010), in the largely white-dominated commercial sector, agriculture consists primarily of livestock ranching. The same applies to Namibia where a large percentage of large- scale farmers are white. According to recent statistics, there are about 4,000 commercial farms in Namibia in which 3,000 are owned by whites. Moreover, cattle raising is key in the central and northern regions, whereas karakul sheep and goat farming are intense in the more arid southern regions. Subsistence farming is mainly confined to the "communal lands" of the Country's populous north, where roaming cattle herds are prevalent, and the main crops generally grown are millet, sorghum, corn, and peanuts. Table grapes, grown mostly along the Orange River in the Country's arid south, are

becoming a progressively important commercial crop and a significant source of employment for seasonal labour. In Namibia, rain-fed white maize is produced by farmers mainly in the maize triangle situated between Tsumeb, Otavi, and Grootfontein (BoN and IMF, 2018).

2.2.1 Importance of Agriculture in Namibia


According to the Namibia Statistics Agency, agriculture and forestry are projected to a progressive rise of 1.6% in real value during the 3rd quarter Gross Domestic Product (GDP) review of 2016, compared to a decline of 15.5% during the 3rd quarter of 2015 (Meatco, 2017).

The performance in these sectors can be attributed to an increase in the number of slaughtered livestock at export abattoirs and butchers. The question is whether the negative growth was a result of considering a decrease in stock numbers.

According to recent statistics, a third of the Namibian workforce is involved in the agricultural sector. It is good to ensure an increase in agricultural production to avoid heavy reliance on imports. To continue developing the farming tradition in Namibia and to ensure long-time sustainability, education in the field of agriculture must take place at all levels of society.

Agriculture is a dynamic sector that is part of Namibia's development programmes; it is also the first link in the value chain for the 'Growth at Home' strategy. It, therefore, forms a critical component in the newly introduced Fifth National Development Plan (NDP5) that gears towards Namibia’s economic growth in the next five years i.e. 2018-2023.

2.3 Key Agricultural Wastes/Residues: Types, behaviour, usefulness, environmental impact
Agriculture is the main backbone of the Namibia economy, thereby leading to the availability of a wide

range of agricultural wastes/residues that are most adequately used/utilised.

Results of Shifiona, et al. (2016) showed that cereals are the most important food widely produced in developing African countries, especially the southern and Eastern countries. The research looked at the crop production rate of Maize and Mahangu (also known as Millet pearl) in Namibia. The findings showed that the production of Maize and Mahangu has tremendously increased over the years due to the high yield per hectare harvested. According to EEA, (2006), these waste materials generated from agricultural products during harvesting and post-harvesting in Namibia are usually disposed of by

burning or being dumped in landfills. The finding also revealed that such wastes/residues produced can be problematic due to the level of emission of Ammonia (NH3) and Methane (CH4) that can lead to acidification thereby contributing to greenhouse gas emissions.
According to the findings of Rowell et al. (1996), the degree of fibrous content in some of the agricultural waste like corncob, oil palm, sugar cane husks, straw, rice husks, are suitable for making good insulating panels/boards that can be used in the construction of energy-efficient buildings.
Also, Satta et al. (2008) considered the potential of using agricultural wastes to develop thermal

insulating materials. They outlined the following pre-requisites: availability of the agricultural waste materials; physical and thermal properties determination of materials; environmental and health impact; and transformation of the materials into useful construction materials.
This research, therefore, follows the same approach in producing energy-efficient building materials

from appropriate combinations of agricultural wastes/residues.



2.3.1   Pearl millet (Pennisetum glaucum) husks

Pennisetum glaucum husks are the fibrous by-product left after the grains have been removed. Pennisetum glaucum (Pearl Millet) also known as “Mahangu” is a cereal that more than half of the Namibia population is considered as a staple food when combining with other sauces (NAB, 2008). It’s generally grown in climates having rainfall ranging between 150 and 800 millimetres per annum. The plant is commonly produced in the Northern region of Namibia; Zambezi, Kavango, Ohangwena, Omusati, Oshana, Oshikoto, and Otjozondjupa Regions. This crop is highly adapted to low rainfall and predominant in soil conditions in the North Central Regions and the Kavango. For many years, small- scale farmers have survived on the low yields obtained from “mahangu” (Pennisetum glaucum), especially during low rainfall seasons. “Mahangu” farmers in Namibia are amongst the few peoples in Africa who have successfully developed an integrated food storage system where they can store their grain in storage baskets made of wood strips for up to five years.
According to Namibian Agronomic Board, NAB, (2008) the average annual production of Pearl Millet,

(i.e. Mahangu), was over 40 tonnes for the past ten years (2007-2017) as shown in Table 2.1. However, in Sahel regions/countries, particularly in Senegal the Pennisetum glaucum Husks are used in the development of construction materials as an adjuvant (Bal et al., 2012). However, in Namibia no extensive works have been done regardless of the abundance production of Pennisetum glaucum Husks annually especially during normal rainy seasons, hence the need for this research.

Table 2.1: Annual Production of Millet from 2007 - 2017

	Year
	Annual Production (Tons)

	2007
	44,450

	2008
	35,512

	2009
	37,301

	2010
	45,836

	2011
	42,000

	2012
	56,000

	2013
	25,000

	2014
	37,000

	2015
	45,593

	2016
	45,691

	2017
	44,377


Source: (Namibian Agronomic Board, 2008)



2.3.2 Rice husks

Rice husks are the hard coverings of the rice grains. In wide-ranging traditional norms, traditional houses are constructed using rice husks as the main constituent in varying building elements in most African countries. According to the FAO (2004) statistics division, more than 100 million tons of rice is produced every year around the world. In Namibia, the Zambezi Region is where rice is produced in abundance. According to Mutorwa (2015), more than 70 metric tons of rice are released into the market annually from Katima Mulilo. According to Piva et al. (2004) rice husks are a great challenge to farmers due to their resistance to decomposition in the ground and their low nutritional value to animals since they can hard/difficult be digested.
Choi, et al., (2006) showed that rice husk as an Agricultural waste has a very good potential for building

insulation purposes because its thermal conductivity is very low. Similarly, Yarbrough et al. (2005) compared the thermal behaviour of rice husks with conventional materials and found that rice husks exhibit similar properties with most conventional insolating materials.


2.3.3 Maize husks (Zea mays)

Maize, like pearl millet, fits the class of grass family Graminae. it is an annual summer crop with many cultivars including dented maize, flint maize, sweet corn, popcorn bread maize, and pod maize. Maize

in its mature stage consists of three main parts: the teats (or pericarp), the starchy endosperm, and the embryo (germ) that gives rise to the new plant.
Maize husk is the outer shell of the maize seed. It often refers to the leafy outer covering of the maize as it grows in the plants.
A study carried out by the FAO (2012) showed the world most production of maize is in the United State of America with about 274 Million tons produced per year, while in China it was 208 Million tons, Brazil 71 Million tons and South Africa 12 Million tons.
In 2019, maize production for Namibia was 44 thousand tonnes. Though Namibia maize production

fluctuated substantially in recent years, it tended to increase through the 2000 - 2019 period ending at 44 thousand tonnes in 2019 as shown in Table 2.2.
Maize is the most staple food consumed in Sub – Sahara Africa (NAB, 2008). White Maize is also usually consumed in Namibia. A study carried out by Ranum, et al. (2014) showed the consumption rate of maize in 2009 in Namibia was 127g /person/ day. Correspondingly, Chow, (1974) showed that maize waste can be formed into fibreboard which is very good for insulation purposes.
Table 2.2: Annual Production of Maize from 2009 - 2019

	Year
	Annual Production (Tons)

	2009
	57,320

	2010
	53,071

	2011
	53, 800

	2012
	87,600

	2013
	40000

	2014
	55,985

	2015
	60,431

	2016
	64,210

	2017
	62,604

	2018
	59,000

	2019
	44,000


Source: (Namibian Agronomic Board, 2019)

2.3.4 Cow dungs

Cow dung is the undigested residue of plant matter that has passed through the animal's gut. The resultant faecal matter is rich in minerals. Colour ranges from greenish to blackish, and often darkening soon after exposure to air. The main components of cow-dung are plant fibres (essentially composed of cellulose, hemicelluloses, and lignin), amine organic compounds, and fragments of intestinal tissues (Millogo, et. al., 2014).

According to Schneiderat (2011), in 1998, in addition to smaller numbers of pigs, poultry, and farmed ostriches, about 2.2 million cattle, 2.1 million sheep, and 1.7 million goats were recorded in Namibia. Conversely, the numbers of livestock vary because of the changing effect of rainfall patterns. The 1998 census data shows the distribution between the communal and commercial sectors, as presented in Table 2.3
Table 2.3: National livestock census 1998 (Source: Schneiderat, 2011)

Cattle	Sheep	Goat



Communal	1,368,152	1,368,152	1,230,260

Commercial	824,207	1,727,210	479,930



Total	2,192,359	2,086,434	1,710,190




According to Table 2.3, livestock farmers in communal areas hold approximately 62% of the total cattle population, 72% of the goats, and 17% of the sheep. This is mainly confined to the northern part of Namibia where there are high deposits of animal dung on grazing sites due to the high animal population.   Usually, cow-dung is mainly used to fertilize agricultural soils due to its high nitrogen content that is good for the growth of plants. Apart from its usage as manure for plants growth, cow dung can also be used as a key constituent in producing thermal insulating building materials (Onjefu et al., 2019).

2.3.5 Marble dust

According to the survey and evaluation of geo-resources, since the last century, Namibia was considered as one of the favourable mining environments. From 1990 to 2000, the production of marble and granite was about 20,000 tons per year in Namibia according to (Ministry of Mines and Energy,2019). Since 2004, due to modern technological advancement, there has been an increase in

production of more than the threshold of 50,000 tons/year according to Punturo, et al., (2019). The geo-mining industry of Namibia includes several ornamental stones such as marbles (calcite and/or dolomite-bearing metal carbonate rocks); magmatic rocks such as granites, granodiorites, and gabbros; serpentinites; and onyxes and alabasters. Firms linked to the ornamental stone are situated in locations around the town of Karibib and have been producing high quantity and quality of marble over the years. In the Karibib district, the most important marble and granite reserves are in the Karibib quarry area of the northwest sector of town.
Marble dust is a product of the quarrying process from the parent marble rock. It contains high calcium

oxide content of more than 50%. It has various industrial uses due to the high percentage of fines and a low percentage of metallic oxides. These include agricultural soil amendment, manufacture of cement (Misra  &  Gupta,  2008), filler  in  the manufacture of  various  types of  paper, paint,  and polypropylene, production of soda, blast furnace flux, acid neutralizer for industrial effluents, and heavy metal sorption (Pincomb & Shapiro, 1994). Others are flue gas desulphuration in electric power stations (Fraes, 1994); manufacture of lime; resin conglomerates for flooring and coatings in the building industry; and production of a multitude of chemical applications, including cosmetics and pharmaceuticals. It is also used as filler in concrete and paving materials.  Due to its abundance in Namibia, this research considered it as a constituent in design mixes considered in the production of energy-efficient building materials that will ensure improvement in energy performance in buildings. Partially, this work was suggested by the manufacturer of the marble industry in Karibib for a scientific study to be done on marble dust to ascertain the viability of marble dust to be used for energy efficiency on building performance in Namibia for commercialisation purpose.



2.4 Current Building Regulations and Standard


2.4.1 Namibia Building Regulations and Standards


In Namibia, the standards are developed in line with international practices and stages (such as the Proposal Stage; Preparatory Stage; Committee Stage; Enquiry Stage; Approval Stage; and Publication Stage). These stages are sponsored and administered by the Namibian Standards Institute (NSI) through the appointment of technical committees and working groups. Standards are developed by organizations known as Standards Development Organizations (SDOs) and National Standards Bodies (NSBs),  which  operate  in  several  areas,  notably  the  NSI;  African  Regional  Organization  for
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Standardization (ARSO); and the International Organization for Standardisation (ISO) or the International Electro-Technical Commission (IEC). These bodies are tasked by governments with the development of appropriate standards under internationally-accepted norms and following ISO/IEC directives (REEEI, 2013). Also, the norms suggest that the standards shall be developed:

➢  by properly-constituted and representative Technical Committees (TCs);
➢  using  the  principles  of  “Consensus”;  Aligned  with  the  International  Standards,  wherever

possible; and
➢  to comply with WTO/TBT Annex 3 Code of Good Practice (Schultz, et. at., 2006).


2.4.2 Namibia Energy Efficiency Programme in Buildings (NEEP)


The Namibia Energy Efficiency Programme in Buildings (NEEP) is the major programme in the country that aims to promote the use of energy-efficient technologies and practices in Namibia’s commercial and residential building sector. NEEP is co-funded by the GEF and UNDP under the Framework for Promoting Low Greenhouse Gas Buildings. This is a three-year programme and is being implemented by the MME and REEEI at the Namibia University of Science and Technology. The NEEP project’s objective is geared towards the reduction of Namibia’s energy-related GHG emissions through the nationwide adoption of energy-efficient technologies and practices in the commercial and residential building sector, with a focus on government buildings, hospitals, hotels, schools, and possibly a sample of residential buildings. In particular, the activities of NEEP include the following:

❖  Development of improved regulations (standards and labelling of building appliances) and adoption of building codes for energy savings,
❖  Provision of auditing and energy marketing services to stimulate the demand and supply of EE services

and technology, particularly through the introduction of mandatory audits in public and commercial buildings,
❖ Strengthening institutional capacity and awareness of EE in a building that would further contribute to

the adoption of EE technologies and best practices.

2.4.3 NEEP Baseline Study


The NEEP baseline study intended to establish building energy benchmarks in Namibia and recognise and review the current energy efficiency standards to make recommendations on energy efficiency approaches that are appropriate for Namibia. The study included 52 commercial buildings from four localities (Windhoek, Keetmanshoop, Oshkati/Ongwediva, Walvis Bay/Swakopmund).

The buildings selected were based on the building occupancy for large shops, offices, and hotels as defined under SANS 10400. To develop energy benchmarks, a wide variety of data was collected including electricity usage records, floor area, occupancy, and other data including other energy sources where applicable. Energy benchmarks measured comprise of the total annual energy consumption divided by the net square metre area of a building (unit kWh/m2 /annum), as defined by SANS 204 (the South African National Standard governing EE in buildings).




2.5 Forms of Solar Heating and Cooling


2.5.1 Passive solar home system


Passive Solar space heating makes use of the energy from the sun to heat the building. This uses orientation features such as south-facing windows to absorb heat during the day and release it at night when needed. According to Irace, et. al., (2017), Passive solar space heating is designed using direct solar gain and indirect solar gain. The direct solar gain uses the architectural features of buildings such as windows, walls, and floors to collect, store, and distribute energy in the form of heat in the winter and reject heat in the summer (Solar Space, 2017). It is called passive solar because it does not require any material medium for operation. According to Ambuga, (2018), passive buildings use about 60-75% of the solar energy that hits the building to moderate the indoor temperature and can reduce energy cost by 75% as shown in Fig. 2.1.




Figure 2.1 Passive solar space heating design (Irace, et. al, 2017)

2.5.2 Building Orientation


In solar passive design orientation of the building is a major factor to be considered with regards to solar radiation, daylight, and wind. In an arid climate like Namibia, buildings should be oriented toward North-South to take advantage of solar radiation (Wienecke and Mawisa, 2008). This means any deviance from the north-south direction would reduce the effects of solar passive heating and cool in a building. Also, east and west orientation makes buildings receive maximum solar radiation during summer. Apart from that, a report by the Namibia University of Science and Technology (2011) on Energy and Environmental Partnership with Southern and Eastern Africa emphasised having the extended side of a building with most windows positioned to the northern direction because it is the warmer front of the building in the southern hemisphere. Therefore, having most windows on that side can affect the heating and cooling of the building during the winter and summer periods.
In building orientation, the key issue to be considered, especially with performance, is the orientation

of the windows. According to Li, et. al., (2013) Solar energy radiation through large windows in summer can elevate a building´s indoor temperature high above the ambient temperature and thus cause significant thermal stress. In hot arid regions like Namibia, based on a study done by Zalaudek, (2013) orientation according to the sun is most important, and the north-south orientation of the main facades is preferable. East and west oriented buildings possibly will not be able to gain satisfactory solar radiation in winter (Maerefat et al., 2010).
In the cooler season, correctly placed and oriented windows may improve indoor comfort during

winter. If there is a conflict between the wind and the solar consideration, the cross ventilation should be the main factor to study in warm-humid climate (Givoni, 1994). However, the effects of indirect solar gain can be limited by using reflective colour and by shading with plants. Plants can also be used to offer shade for the walls.


2.6 Energy efficient building in Namibia (EEBN) Concept

The Namibia University of Science and Technology (NUST) in close collaboration with the Carinthia University of Applied Sciences, Austria designed the first energy-efficient house in Windhoek using the concept of passive solar design. Also, the EEBN house utilises natural ventilation principles to regulate the indoor temperature in winter and summer seasons without any use of electrical Appliances. Figure
2.2 shows the principle operation of the building that employs a solar chimney to cool the building in summer and an underground heat exchanger to heat the building in winter.




Figure 2.2: Energy-efficient Building of Namibia: (Kamara, 2018)


According to Kamara, (2018), the EEBN design principle in its current form works effectively in winter, while more redesigning needs to be done to ensure ambient and appreciable thermal comfort of building interior in summer. Design concepts and principles used in this are key in developing insulating building materials from agricultural wastes/residues that will be used to ensure energy efficiency in Buildings.

2.6.1 Energy Efficient Building/House

A study carried out by Ambuga, (2018) describes an energy-efficient house as a house with low energy consumption, produces a comfortable indoor climate, has low investment, and running costs, therefore, achieving a sustainable “green building” concept. The study done by Miller et al. (2012) revealed that many features have to be considered when designing and building energy-efficient houses, these are based on social criteria (i.e. thermal comfort, health, and time have taken to build); economic criteria (i.e. material cost); and environmental criteria (i.e. less use of energy and less or zero pollution). The three measures are key in measuring building energy efficiency and sustainability. The current study successfully used the criteria emphasized by Miller et al. (2012) to assess the efficiency of a house built with Agricultural residues and marble dust. Also, recent technology and improvements in the construction industry have made it easy to save money, improve comfort and health which this present study looked at.
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Eludoyin, (2014) defines thermal comfort as “a condition of mind that expresses the satisfaction within the thermal environment”. Thermal comfort depends on environmental and personal factors. Environmental factors include; air temperature and velocity, relative humidity, and radiant temperature. Personal factors include; the clothing and level of activity. Also, the environmental conditions may not be similar for everyone as there are disparities physiologically and psychologically, from person to person in space.

According to ASHRAE (2011), occupants will be comfortable when the temperature within the building is between 20° C and 24°C, with an average of 22 °C with relative humidity 50%. Bearing in mind a study by Eludoyin, (2014) study on factors that affects thermal comfort, the thrust in this paper was on how Agricultural residues and marble dust influence thermal comfort.
Additionally, the buildings envelop (walls, windows, and roof) of energy-efficient houses are designed

in a way that they could reduce heat flow into and out of the building. First, the exterior walls should be designed with appropriate insulation to minimize heat transfer and help maintain the right temperature within the building that provides thermal comfort. In normal/conventional designs, windows are the most essential component/element in a building since ensure adequate free movement of air between inside and outside of a building thereby avoiding the trapping of heat (mostly derived from the roofing systems) at the interior of a building (Teles, 2016). Based on building airtightness and the ability to ensure a consistent and smooth conventional flow of air from the outside/exterior to the roof-mounted chimney through underground cooling systems/design, a constant ambient indoor temperature was achieved in both extremely hot (summer) and cold (winter) periods of the year. This forms the basic design concept and principle of the EEBN that was design, constructed, and equipped at the NUST campus.  Preliminary measurements and analyses carried out so far for the past five years (i.e. between 2014 – 2019) revealed results that are following the design concept i.e. ensure appropriate occupancy comfort and building energy efficiency at extremely hot and cold seasons without using conventional heating and cooling devices used in modern buildings. However, almost all materials used in the design of the house are all imported from varying factories and industries in Austria. Such key materials include walls and roof insulating materials; special perforated/air locked bricks; special underground heat exchangers; double-glazed windows, etc. With the design of a weather station and inlet air ducts at the outside compounded with installation of both data logger, humidity and temperature sensors, and outlet chimneys at the interior, the EEBN was

designed and energy performance of the building at both summer and winter were measured at well- defined time intervals throughout the measurement period.

Based on such positive outcome of Austria borrowed design concept and materials, there is a need to develop building materials from locally available agricultural wastes/residues that can give the same/similar positive building energy performance by using less or no energy from the local electricity grid to power generally known heating and cooling devices like air conditioning systems.

This research is a follow up on key conclusions on how energy efficiency /human comfort can be improved, based on the use of appropriate mix design of agricultural residues (Onjefu et. al., 2019).

The objective of this research was to construct design rigs, measuring in-situ the temperature and humidity in the Rigs made from locally available materials that are the residues of Agriculture and marble dust in Namibia. The Temperature conditions and Humidity were monitored and analysed, and the results were compared with the conventional buildings in terms of Energy Efficiency Building of Namibia (EEBN) built with conventional materials.

2.6.2 Energy analysis of buildings

The conventional energy analysis in buildings includes numerous stages. Key among these stages involved the calculation of the heating and cooling loads to be enforced upon the building by the Heating Ventilation and the Air Conditioning (HVAC) systems based on the work done by (Varkie, 2013). The calculations are carried out for a well-defined space at a fixed temperature with time. Hence, how much heat addition or extraction is required to maintain a constant temperature in the given fixed space as the outside weather conditions and internal activities vary in time while the building mass absorbs and releases heat?
Hence, this study assessed all these stages to ascertain whether a building built with materials developed from Agricultural wastes/residues has a better energy performance compared with those built with conventional materials and generally known design concepts.


2.6.3.1 Heating and Cooling Load

Heating and cooling load is one of the measures that are used to assess the energy efficiency of buildings. A study carried out by Matthew (2008) looked at heating load as the quantity of heat that must be added to the room and cooling load as the amount of heat that must be removed from the room to keep constant air temperature that leads to thermal comfort. The concept of heating and

cooling load is significant as it regulates the size of the Heating Ventilation and Air Conditioning (HVAC)

system that under extreme conditions within can afford thermal comfort.


Air conditioners regulate the temperature, humidity, and airflow inside a room or a building for human comfort irrespective of external conditions. HVAC can be classified according to winter air- conditioners that provide heating and humidification and summer air-conditioners provide cooling and dehumidification all year round to maintain thermal comfort (Gupta, 2010). This is an important classification that can be extended to the current study to analyse if the building with agricultural residues will be able to accommodate season in their performances.
In general, heating and cooling load is usually estimated based on four categories, namely heat due to

transmission, solar, infiltration, and internal load (Stoecker & Jonas, 2010).



2.6.3.2 Thermal Transmission

This comprises heat loss and heat gains through the building envelope (walls, windows, floor, and roof) due to temperature differences (Ambuga, 2018). The thermal transmission according to Ambuga, (2018) can be represented as:
Q= UA∆T	(2.1)
Where:

U = overall heat transfer coefficient (W/m2. K) A= surface area
T =temperature difference between the outside and inside (0C)



2.6.3.3 Solar

This involves the heat loss and heat gains due to the transmission of solar energy through the transparent building elements, generally the heat transfers through glasses and depends on the physical characteristics of the surface. Therefore, the solar energy passing through windows according to Ambuga, (2018) is represented as:
Qsg = SHGFmax x SC x A	(2.2 )

Where:

SHGF= Solar Heat Gain Factor

SC= Shading Coefficient

A = Surface area (m2)



2.6.3.4 Infiltrations

These are the heat losses and heat gain due to the diffusion or accumulation of air into and out of the building through cracks in the walls, opening of windows and doors. Stoecker & Jonas, (2010) stated that Infiltration varies with the quality of construction, wind speed, indoor-outdoor temperature difference, and the internal pressure of the building


2.6.3.5 Internal loads

It involves the heat gains due to the discharge of energy within the space and mainly generated by occupants, lights, and equipment operating within the space. According to Ambuga, (2018), the heat generated by the lighting and equipment depends on the rating while heat gain from the occupant depends on the level of activity of a person. Hence according to Ambuga, (2018), heat gain from lighting and equipment is given by:


Q= (rating in watt) (Fu)(CLF).	(2.3)

Where:

Fu    = utilization factor of the installed lamp in use

CLF = cooling load temperature difference

Heat gain from occupants:

Sensible heat load = gain per person x number of people x CLT, hence

Qsensible = Qsensible x N x CLT	(2.4)



Latent heat load = gain per person x number of occupants



Qlatent = Qlatent x N	( 2.5)

2.7 Ventilation systems





2.7.1 Types of Ventilation systems



The ventilation system is made up of two types namely; natural and mechanical. A pure natural ventilation system is one where the ventilation rises from flows through openings in the envelope, which are made by the natural forces due to wind and buoyancy (gravity) (Swenka, 2008). The envelope is the fabric that encloses the air, e.g. external and internal walls. Natural ventilation is the sole means of ventilation for thousands of years in all climates.
On the other hand, a mechanical ventilation system is one where the ventilation is delivered by a

network of ducts, driven by fan/fans. Mechanical ventilation is a recent phenomenon, which is suitable for the particular demands of large non-domestic buildings.   Swenka, (2008) classified mechanical system into three types:
➢  Extract only – the air is extracted through ducts, with openings in the envelope providing the

route for air supply.
➢  Supply only – air is supplied through the ducts, and openings in the envelope provide the exhaust route.
➢  Supply and extract system – separate duct networks perform the supply and extract functions,

which if the mass flow rates are equal, are denoted as a balanced system.




2.8 Low-energy ventilation systems



There is no exact definition of what is meant by a low-energy ventilation system, and even less for what constitutes a ‘sustainable’ or a ‘green’ system. Many factors need to be taken into considerations (Liddament, 1996). In the following, we focus on the more important ways in which the energy consumption directly related to the provision of ventilation can be reduced. it is significant to ponder on heating and cooling separately and in that order.
For a given flow rate of fresh air, Q (m3/s), the heating load, H (W), imposed on a building is:

Hv = ρcpQ(Tin-Tout )	(2.6)

Where ρ denotes density (Kg/m3), Cp the specific heat (J/Kg K), Tin the temperature of the air flowing into the building, and Tout the temperature of the air leaving the envelope.
Low-energy  forms  of  mechanical  ventilation  systems  can  be  attained  by  reducing  fan  energy consumption and the use of heat recovery. The fan energy consumed, E (J), is presented by


EF =100top QF ∆p/ῃ	(2.7) Where top is the operating time (s), QF the fan flow rate (m3 /s), Dp the pressure rise (Pa), and h the overall fan efficiency (%) (CIBSE,2005).



2.8.1 Air quality



A key role of ventilation is to conserve satisfactory air quality inside the building and this is often used for shaping flow rates for design.
Pollutants released inside the building mix with the internal air and are eventually conveyed out of the building. The mixing process is given by the internal air motion and the nature of the emissions. Though, the bulk features of the process can be seen by considering a single space of volume V (m3), in which the concentration is assumed to be unchanging at all times (mixing ventilation), with a steady (constant) ventilation rate, Q (m/s) and a steady emission rate of contaminant qc (m3/s). Under these
conditions, the concentration at time t (s) is given by (CIBSE, 2005):






 (
�
)�
C(t) = Cext +
�


 (
�
�
)106 – (Cext – C(0) +
�

106 ) exp ( �
𝑽

�	(2.8)






is the concentration in the external air (ppmv) and C(0) is the concentration at time t = 0 (ppmv). The steady-state concentration, C where C(t) is the volumetric concentration in parts per million (ppmv), Cst, is given by:
����
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106	(2.9)

For buildings, the fundamental purpose is often to uphold body odours at a suitable level. The CO2 concentration is directly linked to the number of occupants and it can be used as a measure of air quality.
Equation 2.9 can then be used to determine the vital ventilation rate. if space is occupied for a short

period (e.g. a theatre), Eq. 2.8 can be used to give a lower design ventilation rate.  The use of CO2 in the above way is based on the assumption that any other contaminants require lower ventilation rates.


2.9 Psychometrics



2.9.1 State of the air



The air in the atmosphere is a mixture of gases. It comprises 78.08% nitrogen, 20.95% oxygen plus a small number of inert gases such as argon and carbon dioxide, etc. Air also comprises of water vapour. Air that contains no water vapour is called dry air. When the air contains water vapour, humidity is a term that is used to describe the amount of water vapour in it (Swenka, 2008).
Based on the study done by Swenka, (2008), there are two ways to describe how humid the air is: the
quantity of water vapour contained in the air (absolute humidity) and the degree to which the air is close to its saturated state (relative humidity).  Absolute humidity is specified in terms of the mass of water vapour contained in one kilogram of dry air, i.e.




W = ��
��


(Kg water vapour/ Kg dry air)	(2.10)




Here, mw and mg are the quantities of water vapour and dry air, respectively.
Since the water vapour and air can be treated as an ideal gas under the relevant conditions, the absolute humidity can also be represented in the following form:
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Here, 𝑝 is the total pressure which equals the sum of the partial pressures of dry air and water vapour
in the air. 𝑝 is water vapour pressure.

The relative humidity is the ratio of the mass of water vapour in the air to the mass of water vapour when the air is in a saturated state, i.e. the maximum amount of water vapour the air can hold under the same temperature and pressure. If the maximum amount of water vapour is denoted as mw, then
its vapour pressure is ��, thus according to the definition, relative humidity can be written as:
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Absolute humidity and relative humidity have the following relationship according to Eqs 2.11 and 2.12
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(2.13)




Both absolute and relative humidity are of dimensionless units. The relative humidity ranges from 0 to

1 and is usually expressed as a percentage, where 0% indicates that the air is dry and 100% indicates that the air is saturated.
When the humidity of air reaches 100%, water vapour in the air starts to condense. This point is called the dew point. The temperature at which condensation begins as a result of cooling the air (at constant pressure) is called the dew-point temperature.


2.10 Thermal comfort



Thermal comfort is a term that is usually viewed as a desired or positive state of a person. It is used about how warm or cold a person feels and is related to the environment a person occupies.
The concern of whether the concept of thermal comfort is an international phenomenon is of interest if we are to agree that optimal conditions for indoor environments worldwide. Opinions against this assumption have generally pointed to the likelihood, or natural expectation, that people in hot conditions would prefer ‘warm’ or higher temperature conditions for thermal comfort than those that live in temperate or cold climates. Evidence suggests that this is not the case and that although people who live in hot or cold climates are better able to survive heat or cold respectively, conditions for thermal comfort do not vary (Fanger, 1970; Parsons, 2003).

2.10.1 Measurement of thermal comfort

According to Guildford, (1954), stated that the best ways of determining whether a group of people are comfortable are to ask them. Thermal sensation; comfort; pleasure; pain; as well as behavioural responses are all psychological phenomena. There have been many useful studies to ‘correlate’ physical conditions and physiological responses with psychological responses. However, no model provides a more accurate prediction than measuring psychological responses directly.
Methods for measuring psychological responses range from psychophysical techniques (method of

limits, method of magnitude estimation, multidimensional scaling (Guildford, 1954)



2.10.2 The comfort equation

Fanger (1970) defines three conditions for a person to be in (whole-body) thermal comfort:

•	the body is in heat balance;

•	sweat rate is within comfort limits; and

•	mean skin temperature is within comfort limits.

a fourth condition is the absence of local thermal discomfort (e.g. caused by draught). The objective was to produce a comfort equation requiring the input of only the six basic parameters and based on the above three conditions, to calculate conditions for thermal comfort. This was achieved using a rational analysis of heat transfer between the clothed body and the environment and experimental research. Fanger’s original work was not in SI units so the SI version presented below is taken from Olesen et al. (1982), ASHRAE (1989), and ISO 7730 (2005).


2.10.3 Heat balance

Fanger’s conceptual heat balance equation is:



H – Ed – Esw – E – L = K = R + C	(2.14)

where an explanation of the terms used is given in Table 2.4.

Heat is generated in the body and lost at the skin and from the lungs. It is transferred through clothing where it is released to the environment. Logical considerations, reasonable assumptions, and a literature review provide equations for each of the terms such that they can be calculated from the six basic parameters: air temperature (ta); means radiant temperature (t,); partial vapour pressure (Papv); air velocity (v); clothing insulation (I); and metabolic heat production (M–W, where M is the metabolic rate and W is external work). Table 2.5 provides the equations for the components of the heat balance

equation to determine the PMV thermal comfort equations. ts the mean surface temperature of clothing and exposed skin; tcl is mean skin temperature and fcl is a non-dimensional term for the ratio of the surface area of the clothed person to the surface area of the naked person; hc is the convective heat transfer coefficient in Wm-2K-1
Table 2.4 Terms used in the predicted mean vote (PMV) Source: Comfort equation of Fanger (1970)

	H
	=
	Internal heat production in the human body

	Ed
	=
	Heat loss by water vapour diffusion through the skin

	Esw
	=
	Heat loss by evaporation of sweat from the skin surface

	Ere
	=
	Latent respiration heat loss

	L
	=
	Dry respiration heat loss

	K
	=
	heat transfer from skin to the outer surface of clothing

	R
	=
	Heat transfer by radiation from clothing surface

	C
	=
	Heat transfer by convection from clothing surface




Table 2.5 Equations for components of the heat balance equation used by Fanger (1970) in determining the PMV thermal comfort equations (see Table 2.4 for terms)
H	= M- W

Ed	= 3.05 x 10-3 (256ts – 3373 - Pa )

ts	= tsk,req i.e. for thermal comfort

= 35.7 – 0.0275H

Esw = Ersw,req i.e. for thermal comfort

= 0.42(M – W – 58.15) L	= 0.0014M (34 - ta)
Ere = 1.72 x 10-5 M (5867 – Pa)
(��− �𝑐�� )
K	=
0.155 �𝑐𝑙

R  = 3.96 x 10-8 fcl [ ( tcl + 273)4 – ( tr + 273)4] C = fclhc(tcl – ta)

2.11 Computational fluid dynamics

Computational fluid dynamics (CFD) is a tool for simulating and analysing fluid flows numerically using computers. In the ventilation industry, the tool can be used to analyse important factors affecting the thermal and atmospheric environment such as the airflow pattern, pressure, temperature, humidity, and heat distribution. The tool is therefore perfect for design and research of ventilation. According to Kayne, (2012) CFD takes place in three phases: Firstly, a pre-processing application (in the current work, ANSYS WORKBENCH) is used to launch the geometry of the model. Boundaries (such as walls, inlets, and outlets) are also defined in this stage. When the geometry and the boundary conditions for the problem are completed, the computational domain in defining the problem is divided into quadrilateral or triangular cells in 2-D; or hexagonal or tetrahedral cells in 3D, which form a mesh or a grid (Kayne, 2012). The mesh is then imported to ANSYS FLUENT 18.2 for making the flow field solutions at mesh points. Also, proper boundary conditions such as wall temperature, inlet velocity, and gauge pressure are applied in the computational domain.
The CFD Solver FLUENT creates the flow field data at each mesh point after solving the appropriate

governing equations. Once the flow field is made by FLUENT, it is disseminated to a data processor to generate line plots and flow variable contours. The data can also be spread to other software such as Excel to permit comparisons with the other calculations and data in an easy manner.
In recent times, CFD has been contributing clearly to the design of energy-efficient, user- comfortable,

and environmentally friendly buildings (Zhai 2006; van Hooff and Blocken 2010).



2.12 Mesh

The mesh has a great impact on the numerical outcome, accuracy of simulations, and convergence. When generating the mesh, it is vital to have an upper resolution where the gradients are high. Where the mesh is coarser, one must therefore analyse the problem before the simulations are made. It is not obvious how fine the mesh should be and how many cells or nodes your domain should contain. The number of cells/ nodes at the inlet and outlet is important for convergence. If for example, the pressure outlet has a coarse grid, the solution can "jump" between different solutions as the quantities in the coarse cells change.
The mesh quality plays a vital role in the accuracy of CFD. ANSYS Fluent checks important quality

parameters of the elements. Two important indicators are orthogonal quality and skewness. The range for orthogonal quality is 0 to 1 where 0 is the worst and 1 is the best. For the skewness 0 is best and 1

is worst (Hjermann, 2017). For all quality indicators, it is the worst cell that explains the quality, and one should check where these cells are situated to find out whether they affect significant areas of the simulation are as shown in Fig. 2.3.




Figure 2.3: Model computational mesh





2.13 Mathematical model for heat simulation



Srigiriraju, (2015) stated the Navier Stokes Equations in 3D in Cartesian coordinates as

��( ��� + 𝑈�  * 𝜕�� )   = -  𝜕�

+ µ(��2𝑈�/��𝑥�2  ) +  ��𝑔�	(2.15)
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Continuity Equation can be written as





Where,

𝜕𝜌
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+
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= 0	(2.16)

Ui represents the velocity vector component in the ith direction,  𝜌 is the density of the fluid, P is the
Pressure, gi is the gravity in the ith direction and µ is the viscosity.

This principle states the rate of increase of fluid mass limited within a given space must be in equilibrium to the difference between the rates of influx into and efflux out of the space (Gdhaidh,
2019).





Figure 2.4: Flow domain of interest



2.13.1 Momentum equations

Newton’s second law of motion states that the rate of change of momentum of a fluid particle is equaled to the sum of the forces on the particle (Shati, 2013). The general form of the momentum equation in the x and y coordinates for a turbulent flow is:
The x-direction of the momentum equation is denoted as,
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Where P is the static pressure and µ is the viscosity.

The y- component of the momentum equation is also denoted as follows,
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)] +𝜌 𝛽��(T-T0)	(2.18)




Where 𝜌 𝛽��(T-T0) is denoted as the Boussinesq approximation, 𝛽  is the thermal expansion coefficient
and the gravitational acceleration is denoted as g.

2.13.2 Energy equation

The energy equation of heat transfer in a two-dimensional coordinate system is given as:

∂(ρCpT)
∂t

∂(ρuCpT)
+
∂x

∂(ρvCpT)
+
∂y

=  ( ∂  [K
∂x

∂T)] +
∂x

∂ 	∂T
[K (
∂y 	∂y


)]	(2.19)






Multiplying equation 2.18 by

𝜕�
𝜕�


and also equation 2.19 by

𝜕�
𝜕�


, the result will give a single equation as:





( ∂  ( ∂v/ ∂t + u ∂v  + v ∂v

∂ 	∂u 	u ∂u 	∂u 	∂2
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∂2u

∂x 	∂y
∂T

∂y    ∂t 	∂x 	∂y

∂x2

∂y2

∂x2

∂y2 )] +gβ ∂x 	(2.20)
The combined momentum equation controls the flow of air in the enclosure due to the effect of

Buoyancy (Shati, 2013).



2.13.3 Dimensional numbers

The governing equations due to free convection the non-dimensional number and the variables are added to form a reduced number of variables.


2.13.4 Nusselt number

Looking at the heat transfer from a fluid layer of surface area A, a thickness L and a temperature difference between two sides of ΔT = T1 – T2. If the fluid is moving, from the equation (Shati, 2013):


Qconv = h A (Ta- Tb)	(2. 21) Where Qconv is the heat transfers by convection, h is the convection heat transfer coefficient, Ta is the temperature of the surface, Tb is the temperature of the fluid and A is the surface area.
Also, according to Shati, (2013) when a fluid is motionless the heat will be moved by pure conduction

as given by the equation:



Qcond = KA (T1 – T2) / L	(2.22)



By dividing equation (2.21) by equation (2.22):

����� =	{� 𝑨 (�� – ��)}

=  �� = Nu	(2.23)
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The dimensionless number formed is called the Nusselt number (Shati, 2013), which signifies the number of times that the heat transfer is improved by convection relative to that of conduction. This can be said that the larger the Nusselt number, the more effective the convection heat transfer.


2.13.5 Reynolds number
According to Srigiriraju, (2015), Reynolds number is defined as the ratio of inertial forces to viscous forces.


Re =

𝑰�����𝒂� ������
=
𝑽������ ������

��𝑽�
µ


(2.24)




Where 𝜌 is the density of the fluid, V is the velocity of the fluid, L is the characteristics length of the fluid and µ is the viscosity of the fluid.


2.13.6 Grashoff number

The Grashoff number is defined as the ratio of the buoyancy to viscous forces acting on a fluid (Srigiriraju, 2015). Also, the Grashoff number is the magnitude that considers flows to be Laminar or turbulent.
Gr=��( �� − �ø)  L3	(2.25)
𝝑
Where g is the gravity, β is the volumetric thermal expansion coefficient, Ts is the surface temperature,
Tø is the bulk temperature, L is the characteristics length and 𝜗 is the viscosity of the fluid.
According to  Bejan and Kraus, (2003) the product of the Grashoff number and the Prandtl number is

given as the Rayleigh number:
��( �� − �ø)

Ra=GrPr =

L3 * Pr	(2.26)
𝝑




Where Prandtl number is:





Pr =

µ𝑪�	𝝑
=  =
�	�


(2.27)


The Rayleigh number in free convection is similar to the Reynolds number in forced convection and is a degree by which the flow can be solved as laminar or turbulent. Inside enclosures, the transition from

laminar to turbulent flow occurs when the Rayleigh number is more than one million (Holman, 1997: Markatos and Pericleous, 1984).


2.13.7 Dimensionless temperature

Srigiriraju, (2015) define the dimensionless temperature as:
T•= (� – ��)/(L2• �/� )	(2.28)
Where T is the measured temperature, Tm is the ambient temperature, L is the characteristic length,
Q  is the applied heat flux and K is the thermal conductivity.

2.14 Approximating the differential equation by a numerical equation

The purpose of approximating a differential equation that describes a system by an appropriate numerical method is to give a definite numerical algorithm, which allows the effective numerical computation of the solution of the mathematical problem. The differential equation is simply changed into a difference equation, finite difference method (FDM), or finite difference volume (FDV), alternatively calculated by evaluating an equivalent variation problem, finite element method (FEM).


2.14.1 The Finite-Volume Methodology
In this technique, the first phase is the integration of a generic transport equation for quantity ∅ over
a three-dimensional control volume V (Pinho, 2001).


𝝏
∫
� 𝝏��

(������)��� −  ∫�

𝝏
𝝏��

[𝜞

𝝏∅
𝝏��

] ��� =  ∫� �∅ �𝑽


(2.29)





Following, Gauss’ divergence theorem to the left-hand side of Equation (2.29) that is
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(2.30)


Where ni is the unit vector normal to the surface element dA. This theorem transforms volume integrals of divergence terms into surface integrals of fluxes all around the control volume; Gauss' theorem gives integrated conservation equation:
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2.14.2 Discretisation

When numerical methods are used to solve partial differential equations (PDE) including boundary and possible initial conditions, in this case, a second-order partial differential equation for steady-state heat conduction in two dimensions, a network of grid points is first established throughout the geometry of concern. The geometry must be divided into small elements as shown in Figures 2.8 (a) and (b).


Figure 2.5- Two-dimensional control volumes in an orthogonal grid. (a) General grid

(b) A control volume and its neighbours.


Figure 2.8-a displays the grid mapping of a specific calculation domain in the x-y plane coordinate, for example, flow in and out of a box. Figure 2.8-b separates a computational molecule of a control volume bounded by its nearest neighbours and gives the resultant notation. The central control volume is signified by its node P, where the fluid and flow quantities are stored and its neighbour nodes are denoted by W, E, S, N for the west, east, south, and north cells, respectively (Pinho, 2001). Nodes are always represented by capital letters and the faces of the control volume P adjacent to a given neighbour cell F= W, E, S, N is identified by the corresponding small letter f= w, e, s, n.
In discretizing Equation (2.22) the following estimates are applied:

i)	The integral of g is estimated in terms of the values of g at numerous positions on the cell face. The simplest estimate accepted here is the midpoint rule, which is of second order, whereby g is the value at the centre of the cell face (represented by crosses in Figure 2.8- b), i.e.








(2.32)

In this integral ḡf may represent a convection flux (ni � ui), or a diffusion flux (ni  Γ

∂ϕ
) f. It is noted that

∂xi
other higher-order approximations could be applied but they lead to an integration rule requiring more

points on the cell face.

ii. The cell face values of the function gf are approximated in terms of the nodal values gF.



2.15 Building materials

Building materials have many purposes, and the most significant concerning energy efficiency is to reduce heat and moisture from the house. The main conditions for choosing the building materials are based on the thermal performance and availability of the materials locally. The ‘’insulation coupled with a reflective coating will reduce heat transfer through walls and roofs; glazing windows and low emissivity; glass will help as well for transparent surfaces’’ (Baeza, 2013). To prevent moisture inside the house a vapour barrier is required. Fire protection and noise insulation are other features of the building that have to be considered.



2.16 Insulation materials

These materials aim to decrease the heat transfer within the environment and the house. According to literature, heat can be transferred by conduction, convection, and radiation. The insulating performance depends on the thermal properties, which depend on several operating conditions as well.  The thermal conductivity k (W/m K) is the one that defines the performance of the material under heat conduction, which is the main heat transfer through the building envelope (Baeza, 2013). Moreover, the author stated that a high k means a low thermal resistance, which indicates a poor thermal insulation performance. Many studies looked at different types of thermal insulation materials and their economic importance in building (Kaynakli, 2012).
A good extent of thermal insulation in the building envelope supports to lessen the cooling and heating

energy usage of a building and its related carbon dioxide (CO2) and sulphur dioxide (SO2) discharges into the atmosphere as validated by Charde, (2013), Comakli and Yuksel (2004), Dombayci (2007), Mahlia and Iqbal (2010). Thermal insulation supports the saving of energy by decreasing the rate of

heat transfer. Several studies have been carried out in diverse climate conditions to evaluate the thermal insulation used in external walls (Kaynakli 2008; Ucar and Balo 2009; Daouas et al., 2010). Some researchers considered both annual heating and cooling loads (Bolatturk 2008; Yu et al. 2009; Ucar and Balo 2010). Sodha et al. (1979), Al-Sallal (2003), Ozel, and Pihtili (2007) examined the most appropriate position for the roof and/or walls insulation. Several works have been done to carry out the properties of thermal insulation materials (Al-Homoud 2005; Papadopoulos and Giama 2007; Anastaselos et al. 2009).


2.17 Building thermal system

According to Risberg, (2018), Indoor climate is classified into four climate factors; which include: thermal climate, indoor air quality, sound, and light. Nilsson et al., (2003) described the indoor air quality as the concentration of polluting gases and particles in the air that is influenced by the polluting sources, outdoor conditions, and the ventilation performance. The thermal climate is referring to the heat balance of the human body. It is influenced by all heat transfer mechanisms that appear against the human skin and the heat generated inside the body to have a stable body core temperature around
37oC  (Prek,  2005).  Also,  Fanger,  (1970)  developed  a  model  from  an  experiment describing  the

statistical number of dissatisfied people, where most of the heat transfer mechanisms that appear are considered. Some Parameters that influence thermal comfort are the metabolic rate, external work, clothing insulation, air temperature, radiation temperature, air velocity, and relative humidity (Lin et al., 2008). The last four parameters are influenced by the envelope surfaces and heating system of the building.
The heat balance of a building consists of four major parts: building component and materials, heat transfer processes, internal heat, and external conditions as presented in Figure 2.6.

External conditions
➢	Outdoor
temperature
➢	Solar Radiation
➢  Wind speed
➢	Relative humidity
➢	Pollution










Building heat balance

Components:
➢  Walls
➢  Ceiling/roof
➢  Foundation
➢  Windows
➢  Doors
➢  Thermal bridges








Internal Heat
➢	HVAC
➢  Equipment
&Appliance load
➢  Occupant load
➢	Lighting load

Heat transfer process
➢  Heat transfer
❖ Convection
❖ Radiation
❖ Conduction
➢  Thermal storage
➢  Ventilation

Material properties
➢  Heat transmition
➢  Heat capacity
➢  Density
➢  Surface
characteristics
➢  Emissivity




Figure2.6 Outline of parts in the building heat balance (Risberg, 2018)



2.18 Building elements and materials

The heat transmission through walls and ceiling results from building elements causing a high heat loss for most houses due to their relatively great area (Risberb, 2018). Hence the energy efficiency of such a building is measured by the extent to which these components and some others are insulated. Their direct contact with outdoor conditions results in a one-dimensional (1D) approach applicable for building simulation of these building components (Martin et al., 2010). Also, the use of overall heat transfer coefficients according to ISO 6946 standard is applicable for heat demand calculations for walls and ceiling constructions.
Also, the largest heat flux in a building is through windows. However, depending on the orientation,

area, and position, windows can be the highest heat loss in a building. Major improvements have been made during the last decades to reduce heat losses. This includes window glazing with improved coatings to reduce the emissivity (Pilkington, 2010).
Heat losses at the foundation are difficult to forecast since numerous disturbing parameters including the high amount of thermal inertia in the soil (Spiga, 2014). Also, in a cold climate, temperatures below zero and snow are parameters that can also disturb the thermal performance.

A thermal bridge, also called a cold bridge, or thermal bypass is an area or component of an object that has higher thermal conductivity than the surrounding materials (Martin et al., 2011) as shown in Figure
2.7. Also, Lorenzati, et al., (2016) stated that the thermal bridge is creating a path of least resistance for heat transfer. Furthermore, thermal bridges result in an overall reduction in thermal resistance of the object. The term is often debated in the context of a building's thermal envelopes where thermal bridges result in heat transfer into or out of conditioned space. Again, Thermal bridges in buildings may impact the amount of energy required to heat and cool a space, causing condensation (moisture) within the building envelope resulting in thermal discomfort (Evola et al., 2011).
Building material is mainly specified by mechanical properties. It is frequently stated in terms of mechanical properties or thermal insulation capabilities. For heat transfer and thermal indoor climate performance, the insulation capabilities have the highest interest. Common insulation materials are well studied by different researchers and specified in the ISO standards (B. ISO, 2007; Papadopoulos, A.M. 2005); BS EN. 2012). Also, Mohammad and Al-Homoud, (2004) have summarized the thermal performance of the most common building insulation materials. Many research studies have been made based on the state of the art material, like phase change materials (Demirbas, 2006), Vacuum insulation panels (VIP) (Baetens, et al., 2009), Gas-filled panels (Baetens et. al., 2010), and aerogels (Baetens, 2011). Also, improvements in commonly used building materials have been studied and developed. These include Mineral wool; expanded polystyrene (EPS); Extruded polystyrene (XPS); and Cellulose and Polyurethane (PUR). Also, new materials like Nano insulation materials and dynamic insulation materials have emerged Jelle, (2011).




Figure 2.7 Thermal bridges at the junction



2.19 Basic Theoretical Information

The following are basic theoretical information that is relevant and key in this research work:



2.19.1   Conduction heat transfer

Heat transfer is the process of thermal exchange between two or more systems. The heat transfer between two regions will be from the hotter to the cooler regions of a system. This is important in building for determining the design of the building fabric.
Conduction is the transfer of heat within a body as a result of the temperature difference across it. It is important in the building where there may be a temperature difference between the inside and the outside of the building. According to Akbari et.al., (2011) heat transfer is a function of temperature.
Q = AKAT/ ΔX = Q / A = KAT/ ΔX	(W/m2)	(2.33)


K = Ko (1+ βt)	(2.34)


Where,


Q = total amount of heat transfer, K = thermal conductivity


Ko = thermal conductivity at 0o C, βt = temperature coefficient of thermal conductivity, A = area of heat transfer, T= temperature.

2.19.2 Heat Conduction in Plane Wall

Akbari et.al., (2011) defined heat conduction as the transfer of energy from a dense substance to a less dense energetic substance due to the interaction of the particles. According to the first laws of Thermodynamics:


Q•	•
in - Q out= dEwall/dt	(2.35)


For a steady operation


Q•	•
in = Q out = constant	(2.36)


Where,


 (
Q
•
)in = heat transfer inside the wall, Q•in = heat transfer outside the wall,


dE	= change in Energy, dt = temperature difference.


The study by Akbari et.al., (2011) further investigated experimentally that heat conduction through a wall is proportional to the temperature difference across the wall and the heat transfer area, and
inversely proportional to the thickness of the wall.


 (
Q
•
)cond.= KAΔT / Δx	(2.37)


Where,


K = thermal conductivity of the insulation material, A = area of heat transfer, ΔT = temperature difference, Δx = thickness of the layer.

2.19.3 Heat transfer by convection


Convection is the process by which heat travels through fluids that is liquid and gases. It is important principles in the building where air movement is necessary to moderate the internal temperatures, to reduce the accumulation of moisture, odours, and other gases, and to improve the comfort levels of the occupant in the room.

Veloo, (2013) showed that the convective heat transfer is related to air movement in buildings. The study looked at the convective heat transfer as the difference between the heat flow through the building elements and the longwave radiation.

qc = qcond -  qr	(2.38)


For the absorb solar energy,


qc = qcond - qabs	(2.39)


The convective heat transfer is then calculated as,


hc = qc / (Tref - Tsurface) = qc /ΔT	(2.40)


Where,


qc = convective heat transfer, qcond = conductive heat transfer, qr = longwave radiation, hc = convective heat transfer coefficient,
Tref  = reference temperature, Tsurface = surface temperature.


2.19.4   Heat transfer by radiation


Radiation heat transfer is the interaction of energy between two or more bodies. Heat transfers by radiation in buildings through transparent building envelopes and from internal heat sources to the building envelope. The main source of radiant heat in a building is through windows and glass doors which transmit solar radiation directly to the building (Somayeh, 2003). Almshkawi, (2011) showed that the radiative heat coefficient will only apply to radiation exchange between surfaces with less ambient temperature.

E= αrad. ΔT	(2.41)


Where, E = energy, αrad. =    radioactive heat coefficient,


ΔT. = temperature difference.





2.19.5 Solar Radiation


Namibia has more than 2400 kWh/m² in a year; Namibia is regarded as one of the countries with the highest amount of solar radiation in the world* (Zalaudek, 2013). Figs. 2.8 – 2.9 shows how the intensity is distributed across key regions in the country as well as in Windhoek across the 12 months of the year respectively.




Figure 2.8: Solar Radiation across regions in Namibia (SolarGIS-Solar-map-Namibia, 2017)





Sum of direct horizontal radiation

Sum of diffuse horizontal radiation

Figure 2.9: Monthly solar radiation of Windhoek, Namibia (Zalaudek, 2013)

CHAPTER THREE







LABORATORY SETUP, TEST, AND MEASUREMENT




3.1 Overview


This chapter focuses on the sample collection, preparation, and development of particle boards, bricks, and rigs. The procedures on how the samples were developed and the different equipment used for the developments of the samples are also highlighted. The different mixed compositions of the samples are also shown in the chapter. This chapter agreed with the specific objective of developing affordable and highly thermal efficient insulating materials from millet husks, rice husks, maize husks, and cow dung residue for the design of energy-efficient buildings.




3.2 Sample collection
Samples were collected in the Khomas, Erongo, Kavango, Omusati, and Zambezi regions of Namibia. Cow dungs were collected in the Okapuka meat co farms located 30 kilometres along the Windhoek

and Okahandja road. The Okapuka Feedlot is an intensive animal production system that helps animals below 18 months and weighing more than 280 kilograms to attain the preferred market value requirements.

Marble dust was sourced from the Karibib mines located between Karibib and Swakopmund in the Erongo region while rice husk was collected from the University of Namibia (Unam) rice mill production in the Zambezi region. Moreover, millet husks were sourced from local farms in the Kavango East region while Maize husks were collected from local farms in both the Omusati region and Namib mills in Windhoek. Debris and all other forms of unwanted materials were removed, and samples were carefully categorized for each of the Agricultural residues. Samples were later transported to specific laboratories at the Namibia University of Science and Technology for further analysis. Figures 3.1 shows regions and towns where samples were collected.
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Figure 3.1 - Regions and Towns Samples Collected

3.3 Sample preparation of Particleboard

3.3.1 Overview

Particle Board (PB) is defined by Wang et al., (2008) as a panel product developed from wood products or other materials having lignocellulose properties attached by urea-formaldehyde or other synthetic resin under high temperature and pressure to produce boards/sheets. The primary lignocellulose materials used in the particleboard industry are wood residues while agro-based residues/wastes from palm stalks, rice straw, rice husks, and other type’s plant were also explored for producing particleboards The use of such agricultural residues for particleboard production is important for reducing the demand of woods and improving the environment (ASTM, 1999). Also, a study carried out by Singh, (2015) stated particleboards as lightweight boards that can be recycled as thermal insulators, ceiling boards, wall partitions, doors, and some other household furniture. Recently, agro- based wastes are being integrated into green buildings designs because they are usually more economical and sustainable. This led to the development of new environmentally friendly building technologies from using agricultural residues like maize cob, rice husk, groundnut shell (Mgbemene et al., 2014 and Sekaluvu, et al., 2014), coconut coir, durian peel (Khedari, et. al., 2004). Some works have been done towards the improvement of composite particle and ceiling boards from both industrial and agricultural wastes/residues in Namibia and other parts of the world (Onjefu et al., 2019). Sawdust, wastepaper, and starch were mixed by weight to produce a ceiling board with good physical, mechanical, and thermal conductivity properties (Obam, 2012).



3.3.2 Preparation of Particleboard/Isolating Material

The laboratory preparation of each of the samples was done in the materials laboratory at the Namibia University of Science and Technology. Residues were washed in water and initially sun-dried for three days. To remove additional moisture, samples were further oven-dried to a temperature of 1100C for
24 hours and ground into smaller particle sizes of 0.1mm using the Retsch SK100 hammer mill shown in Figure 3.8. The final nature of samples is as shown in Figures 3.2 – 3.6. Moreover, to ensure proper binding and compaction, 20% of cement was added in the various percentage samples mixes. The combined mixed were filled into a 220mm X 110mm X 40mm mould, compacted, and cured under the sun  for  7  days  at  an  average  temperature  and  humidity  of  270C  and  79.7%  respectively.  The

particleboard  that  was  developed  from  the  agricultural  waste/residue  was  mixed  in  different percentage composition as shown in Table 3.1 and Figure 3.7.




Table 3.1: Percentage composition of samples


	

Samples
	
Maize
	
Millet
	
Rice
	
Cow dung

	
	%
	%
	%
	%

	A
	40
	30
	10
	20

	B
	10
	40
	20
	30

	C
	20
	10
	30
	40

	D
	30
	20
	40
	10

	E
	25
	25
	25
	25

	F
	10
	25
	50
	25

	G
	15
	25
	10
	50

	H
	20
	20
	30
	30

	I
	30
	30
	20
	20

	J
	50
	15
	25
	10

	K
	25
	50
	10
	15


Thermal conductivity and thermal resistivity tests carried out on all samples shown in Table 3.1

revealed samples A and C have the lowest and highest thermal conductivity respectively. To further investigate their behaviour, 5%, 10%, 20%, and 30% by weight of marble dust was introduced in both the best and worst thermal conductivity samples i.e. samples A and C as shown in Table 3.2. This is to ascertain the contribution of marble dust in the thermal conductivity in both samples.




Table 3.2 Percentage composition of samples A and C with Marble dust


	Samples
	
Marble dust

%
	
Marble dust

%
	
Marble dust

%
	
Marble dust

%

	A
	5
	10
	20
	30

	C
	5
	10
	20
	30






Figure 3.2 – Sample of Cow dung







Figure 3.3 – Sample of marble dust




Figure 3.4 – Sample of ground rice husk




Figure 3.5 – Sample of ground maize husk





Figure 3.6 – Sample of ground millet husk
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Figure 3.7 - Sample mixture for particleboard

3.3.3 Preparation and Production of Bricks


Tables 3.3 – 3.6 show various selected compositions for the various brick types A, B, C, D containing maize, rice, cow dung, and millet respectively. The samples were crushed into smaller particles sizes using the Retsch SK 100 hammer milling machine of 0.1mm sieve diameter size as shown in Figure 3.8

Furthermore, the samples were prepared in various percentages and were also combined with 20%

cement as a binder to ensure proper compaction. The combined mixes were filled into a 230mm X

110mm X 85mm mould as shown in Figure 3.9, compacted with 2.5 kg Rammer at drops 30 cm blow, sun-dried at temperature, and average humidity of 240C and 79.7% respectively for 14 days. A sample of the final brick produced is as shown in Figure 3.10.






Figure 3.8 Retsch SK 100 hammer mill




Figure 3.9 The Brick Making Mould	Figure 3.10 The brick test sample



Table 3.3 Composition of Maize Husk Mix with Sand


Bricks types

Sand (%)

Maize Husk (%)



	A
	80
	20

	B
	60
	40

	C
	40
	60

	D
	20
	80




Table3.4 Composition of Rice Husk Mix with Sand


Bricks types

Sand (%)

Rice Husk (%)



	A1
	80
	20

	B1
	60
	40

	C1
	40
	60

	D1
	20
	80





Table 3.5 Composition of Cow Dung Mix with Sand


Bricks types

Sand (%)

Cow dung (%)



	A2
	80
	20

	B2
	60
	40

	C2
	40
	60

	D2
	20
	80




Table 3.6 Composition of Millet Mix with Sand


Bricks types

Sand (%)

Millet Husk (%)



	A3
	80
	20

	B3
	60
	40

	C3
	40
	60

	D3
	20
	80





3.3.4 Preparation of experimental rigs


Three experimental rigs labelled A, B, and C of dimensions 1.5 m (length) x 1.5 m (width) x 1.5 m (height) were constructed as shown in Figure 3.11 using locally produced 201mm x 100mm x 100mm bricks. The three experimental buildings were built using agricultural residues from rice, maize, millet, and cow dung but with the following specifications:
i.	Rig A: Agricultural residues containing 20% maize, 10% millet, 30% rice, and 40% cow dung

(considered as sample C from Table 3.1) as an insulating material between two brick walls, 50 mm apart. Sample C from experimental results shown in Table 4.1 in the next chapter gives the highest thermal resistivity, hence the lowest thermal conductivity)
ii.   Rig B: Agricultural residue containing 20% Marble dust mixed with 40% maize, 30% millet, 10% rice and 20% cow dung (considered as sample A, from Table 3.1)) as insulating material board between two brick walls, 50 mm apart.  Sample A, from experimental results shown in Table
4.1 gives the lowest thermal resistivity, hence the highest thermal conductivity)

iii.  Rig C: Control rig constructed using locally produced 201mm x 100mm x100 fired bricks with

conventional single-layered brickwork with no insulation.








(A)	(B)	(C)










Figure 3.11 Three experimental used in the research




3.4 Laboratory Tests: Tools, Procedures, and Measurements



3.4.1 Overview

Below are details of laboratory tools/machines used to derived at experimental result obtained for thermal conductivity, thermal resistivity, water absorption, and compressive strength on insolating board and bricks


3.4.1.1 Thermal Conductivity Test Tool (EP500e)

Figures 3.12 and 3.13 show the principal characteristics of a guarded hot plate device (GHPA) used in this research and which is usually accepted as a significant method for evaluating the thermal conductivity and thermal resistivity of insulating materials. The apparatus measures the thermal conductivity, thermal resistance as well as the k-value and U-value respectively of an insulating material (Onjefu, et al., 2019).
The EP500 lambda machine is specifically designed for testing insulation and construction materials

under ISO 8302, ASTM C177, EN 1946-2, EN 12664, EN12667, EN 12939, DIN 52612. Namibia also adopts this standard for energy-efficient insulating materials for building and SANS 204 as well.




Figure 3.12:  EP500 lambda machine




Fig.3.13 Set up for Thermal Conductivity Measurement

3.4.1.2 Water Absorption Test


Water absorption tests were conducted for different samples of brick types. The water absorption (WA) test was used to determine the amount of water each brick can absorb after 24 hours of soaking. The samples were formed using the mould size in Figure 3.9 that produced a brick size of 230 mm X
110 mm X 85 mm according to ASTM C 62 (2007).



In the water absorption test, samples were first weighed in a weight balancing device before immersed in water and the initial weight noted. Brick samples were then horizontally placed in a large container of water for 24 hours at a temperature of 200C and again weighed. The water absorption for each brick composite was determined by using the formula:


Water Absorption % = Final weight –  Initial weight x 100	(3.1) Initial weight

3.4.1.3 Compressive Test

Two bricks from each sample type were collected, and the detailed finishing of brick edges was done to ensure a perfectly regular rectangular shape. Bricks samples were then horizontally between the two plates of the uni-axial compression testing machine shown in Figure 3.14. The constant load was applied axially at a uniform rate of 14 N/mm2 per minute till failure/crushing occurred and the maximum load at failure was recorded. The load at failure is the maximum load at which the specimen fails to produce any further increase in the indicator reading on the testing machine. The crushing strength was then calculated as the ratio of crushing load to the area of brick loaded. The average crushing strengths of two specimens were taken by (Venkatesan, et al., 2015).


3.4.1.4 Density

The densities of the bricks were determined under the American Society for Testing and Materials (ASTM) C303-02 (Standard test method for dimensions and density of preformed block and board type thermal insulation) (ASTM, 2004). From each of the produced bricks, two (2) specimens of 230 mm x
110 mm X 85 mm were cut. The thickness, length, and width were measured, with the thickness measured and the average of each was determined and recorded. The volume of each specimen was then calculated.

Each specimen was weighed using a digital weighing balance and the mass recorded. The density of each specimen was then calculated using equation (3.2)
�𝑎��  �𝑔

Density =

������  �3

(3.2)








Figure 3.14: Uniaxial Compressive Test Machine Used



3.4.1.5 Experimental Rigs

Three rigs carried out for this research were constructed using 201 mm (length) by 100 mm (width) by

100 mm (height) bricks with a 7 MPa compressive strength. The design specifications of each of the rigs are as follows:

Rig A: made of double-layered brick walls on all 4 sides separated by 50 mm thick cavity with sample C mix design that is 20% (by weight) maize husks, 10% (by weight) millet Husks, 30% (by weight) rice husks and 40% (by weight) cow dung.   The insulation material (i.e. sample C) was mixed with 3% Powafix creosote insecticides to prevent insect attack on the building. Two windows, 40 cm height by
50 cm width (i.e. one at both east and west) were placed in this Rig to give adequate light during the

day.

Rig B: Built with the same brick dimension, strength, and cavity thickness but insulating material i.e. sample C mixed with 20% (by weight) of marble dust Like Rig A, the insulating material was also treated with 3% insecticide to prevent insect attack to the Rig.

Rig C: Built with the same brick dimension and strength but with no cavity walls and insulation. This is considered as the control Rig representing conventional single-layered brickwork.

A door (120 cm height by 60 cm width) on the north wall was placed in the Rigs as shown in Fig.3.11. The 50 mm cavity thickness was chosen as the minimum thickness in compliance with the building code for Namibia and South Africa (REEEI, 2013).

The thermal performances of the three Rigs shown in Figure 3.11 were evaluated based on the internal ambient temperature and humidity at a height of 1.5m. The external temperature and humidity were also measured. The temperature and the humidity data were recorded with the data logger at 15 minutes’ intervals.



3.4.2 Sensors: Types, application, and measurement



3.4.2.1 Temperature sensors



Thermo wire NiCr-Ni:

Thermocouples used to consist of two spot-welded wires of different metals or alloys. The thermoelectric effect at the contact surface is used to measure temperatures. A relatively small thermoelectric voltage was produced since it depends on the temperature difference between the measuring point and the connecting terminal (Zalaudek, 2013). The technical specification and nature of the thermos wires used are as shown in Table 3.7 and Figure 3.17 respectively.



Table 3.7: Technical data of thermo wires

	Technical data of thermos wires

	Manufacturer and probe
	Symmetron Stylitis 101

	Specification
	Thermowire: NiCr-Ni (Typ K), class 2, welded tip



Insulation: PVC (wires and sheath)
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Fig. 3.15: Thermowire NiCr-Ni




3.4.2.2 Digital humidity and temperature sensors

Digital Humidity and temperature sensors were used. This means all key sensor characteristics and settings data are stored in the sensor element itself and supplies calibrated data for temperature in degree [°C] and relative humidity in percentage [%]. Data received/measured were then transfers and stored in a Symmetron Stylitis 101 data logger shown in Figure 3.18. Technical specification and nature of the digital humidity and temperature sensors are as shown in Table 3.8 and Figure 3.16 respectively


Table 3.8: Technical data of digital humidity and temperature sensors

	Technical data of digital humidity and temperature sensors

	

Manufacturer and probe
	Symmetron Stylitis 101 digital humidity and temperature

sensors, the slotted sensor cover

	Specification
	Insulation: PVC (wires and sheath) Symmetron Stylitis
101

Sensor cover Ø 8 mm, length 36 mm

Plug connection Ø ca. 9 mm

Extension tube: Ø 8 mm, Länge 97 mm

	Relative

humidity

	Tolerances
	0,0% … 98,0% RH

	Operating temp.
	±1,8% RH
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Fig. 3.16: Digital humidity and temperature sensors




3.4.2.3 Meteorological Station

A meteorological weather station shown in Figure 3.17 was built at the EEBN house at Namibia University of Science and Technology (NUST) campus. It contains a data logger and several sensors to record the following variables:
❖ Air temperature in degrees Celsius [°C]
❖ Relative humidity in percentage [% RH]
❖ Precipitation (rain and hail) in millimetres per hour [mm/h]
❖ Wind velocity in meters per second [m/s]
❖ The wind direction in degree [°]
❖ Global radiation in watts per square meter [W/m²]




Fig. 3.17: Weather Station and Symmetron data logger

3.4.2.4 Symmetron stylitis 101


Symmetron Stylitis-101 shown in Figure 3.18 and used in this research was a complete, sealed, portable data acquisition device that was designed to record in a broad range of applications in Industrial, Meteorological, and Laboratory fields. The Stylitis-101 measured voltage, current, frequency, and pulses. With suitable sensors, it is also capable of measuring: Wind speed, direction, and wind-turbine power curves, Temperature, humidity, pressure, solar radiation, rain height, and water speed. The sensors’ output was within –50 ~ +50V, -20 ~ +20mAand 0 ~ 3 kHz. It has up to 18 analogue inputs using optional CARD approximately 11 to 16 and 2, 4, and 6 configuration modules.

Also, the device can be integrated into a computer network to assess the collected data remotely. Also, a data logger shown in Figure 19 was fitted out with a display, with illuminated graphics, and a control panel which allows checking out the whole system and sensors, or for functional check of the device and the connected sensors. It is easy and convenient to operate by soft-keys and cursor block.





Figure 3.18 Symmetron stylitis 101














3.4.2.5 Data measurement and data collection methods


Data used in the research were recorded using the Symmetron data logger shown in Fig. 3.19. Data instrument was used to measure temperature and humidity both inside and outside of any close system (mostly buildings) at periodic intervals. The symmetron data logger was equipped with a USB- interface port for easy transfer of collected data to the personal high-speed computer with the appropriate software. The weather station built shown in Fig. 3.17 was used the measured the external air temperature, humidity, and air velocity.

The Symmetron data logger was placed in the middle Rig (i.e. Rig B) and temperature and humidity sensors were connected to the other two rigs (i.e. Rigs A and C). All temperature sensors used were PT100 DIN B probes, calibrated to maximum error, ±0.3 ºC. The air humidity sensors were ELEKTRONIK EE21FT6AA21 type with an accuracy of ± 2% (Castell et. al, 2010).  The winter and the summer temperature were recorded at every 15 minutes’ time intervals. The raw data were downloaded to the computer with the Option 4 software application. The collected results were tabulated and further

analysed in a statistical form with Microsoft excel thereafter, tables and graphs are used to present the data for visualization and professional purposes.







Figure 3.19 Symmetron data logger connected with sensors

CHAPTER FOUR







EXPERIMENTAL RESULTS



4.1 Overview

The  objective of  this  chapter is  to  present  the  experimental results obtained  in  the  laboratory concerning the different categories highlighted in chapter three.

Results of the thermal conductivity, thermal resistivity, water absorption, compressive strength of different categories from the agricultural residues are shown in this chapter.


4.2 Results


4.2.1 Thermal Conductivity and Resistivity of Insulation / Particleboards

Laboratory results of thermal conductivity and thermal resistivity of selected samples of the particle board as prepared in chapter three are shown in Table 4.1, Figures 4.1, and Figure 4.2 respectively.

Table 4.1: Thermal Conductivity and Resistivity of insulation boards of Samples considered

	SAMPLES
	THERMAL

CONDUCTIVITY

(k) mW/(m*K)
	THERMAL

RESISTIVITY

(r) m2K/W
	RAW DENSITY

Kg/m3

	

A B C
D
	

100.71



66.79



54.65



76.12
	

0.4002



0.5150



0.6935



0.4769
	

935.10



845.70




849.30



899.30




	

E F G H I
J



K
	

60.79



56.50



55.88



57.50



58.74



57.27



63.07
	

0.5922



0.6584



0.6890



0.6696



0.6554



0.6723



0.6009
	

865.20



850.10



849.40



855.30



870.20



855.10



900.10
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Figure 4.1: Bar Chart of Sample Thermal Conductivity of Samples Considered
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Figure 4.2: Bar Chart of Thermal Resistivity of Samples Considered


4.2.2 Thermal Conductivity of Samples Mixed with Marble Dust


Results of thermal conductivities obtained by mixing samples having the best (i.e. sample C) and worst (i.e. sample A) thermal conductivities from Table 3.2 i.e. 5%, 10%, 20%, and 30% by weight of marble dust to form particle /Insolating boards are as shown in Table 4.2. The uniqueness and contribution of the marble dust to the agricultural residues act as a binder and also decrease the thermal conductivity of the best and the worst samples.

Table 4.2: Results of Thermal Conductivities of Samples from Table 3.2 when varying percentage of Marble Dust

	Percentage mix
	Thermal conductivity for sample C + Marble dust (k) mW/(m*K)
	Thermal conductivity for sample A + Marble dust mW/(m*K)

	5
	78.08
	71.99

	10
	77.00
	67.12

	20
	62.63
	65.91

	30
	60.18
	62.93



4.2.3 Thermal conductivity of the brick types


Tables 4.3 – 4.6 shows the results of thermal conductivity and thermal resistivity of the different mix design of the various bricks types as per Tables 4.3 – 4.6 in chapter three. Figs. 4.3 – 4.6 shows the regression analyses of thermal conductivity versus time for 60% maize husks, rice husks, cow dung, and millet husks.

Table 4.3: Bricks Thermal conductivity and resistivity results for Maize Husk Bricks


	Percentage

Mix
	THERMAL

CONDUCTIVITY (k) mW/(m*K)
	THERMAL

RESISTIVITY (r) m2K/W
	RAW DENSITY

Kg/m3

	

20



40



60



80
	

175.04



153.42



127.24



184.09
	

0.4439



0.4393



0.6051



0.5640
	

1708.00



1675.00



1655.00



1548.00
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Figure 4.3: Thermal Conductivity versus Time for 60% Maize husk brick

Table 4.4: Results of thermal conductivity and resistivity for Rice Husks brick


	Percentage

mix
	THERMAL

CONDUCTIVITY (k) mW/(m*K)
	THERMAL

RESISTIVITY (r) m2K/W
	RAW DENSITY

Kg/m3

	

20



40



60



80
	

161.54



185.73



130.27



147.78
	

0.3522



0.3979



0.5910



0.5210
	

1750.00



1665.00



1600.00



1550.00
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Figure4.4: Thermal Conductivity versus Time for 60% Rice husk brick

Table 4.5: Results of thermal conductivity and resistivity for Cow dung brick

	Percentage mix
	THERMAL CONDUCTIVITY (k) mW/(m*K)
	THERMAL RESISTIVITY (r) m2K/W
	RAW DENSITY Kg/m3

	

20



40



60



80
	

202.22



132.11



128.46



220.60
	

0.3807



0.5526



0.5994



0.3490
	

1800.00



1765.00



1660.00



1505.00
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Figure 4.5: Thermal Conductivity versus Time for 60% Cow dung brick

Table 4.6:  Results of thermal conductivity and resistivity for Millet Husks bricks


	Percentage

Mix
	THERMAL

CONDUCTIVITY (k) mW/(m*K)
	THERMAL

RESISTIVITY (r) m2K/W
	RAW DENSITY

Kg/m3

	

20



40



60



80
	

171.95



154.26



143.72



187.24
	

0.4478



0.4991



0.5357



0.4165
	

1700.00



1665.00



1600.00



1555.00
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Figure 4.6: Thermal Conductivity versus Time for 60% Millet husk bricks

4.2.4 Physical and mechanical properties of the brick types


4.2.4.1 Water Absorption Results of Bricks


Results of water absorption of bricks for 20%, 40%, 60%, and 80% sample mixes of maize husks, rice husks, millet husks, and cow dung are as shown in Table 4.7 and Figs. 4.7 – 4.10 respectively.

Table 4.7: Water Absorption of Bricks with varying percentage mixes


	Percentage of

Samples (%)
	Maize husk
	Rice hulls
	Millet husk
	Cow dung

	20
	4.65
	3.25
	5.24
	3.47

	40
	8.78
	4.26
	5.25
	5.42

	60
	9.84
	5.49
	12.76
	14.03

	80
	13.26
	8.42
	14.62
	22.15
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Figure 4.7: Water absorption of Maize Husk Bricks

Rice husk bricks
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Figure 4.8: Water absorption of Rice Husk Bricks
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Figure 4.9: Water absorption of Millet Husk Bricks

Cow dung Brick
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Figure 4.10: Water absorption of Cow Dung Bricks




4.2. Compressive Strength Results of Bricks


Results of compressive strength of bricks for 20%, 40%, 60%, and 80% sample mixes of maize husks, rice husks, millet husks, and cow dung are as shown in Table 4.8 and Figs. 4.11 – 4.14 respectively.

Table 4.8:  Compressive Strength of Bricks


	Percentage of

Samples (%)
	Maize husk
	Rice hulls
	Millet husk
	Cow dung

	
	Compressive Strength N/mm2

	20
	12.50
	23.50
	13.70
	9.72

	40
	10.90
	20.20
	11.60
	8.80

	60
	9.70
	16.80
	10.70
	8.30

	80
	8.50
	10.40
	9.50
	5.5
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Figure 4.11: Compressive Strength of Maize Brick

Rice husk brick
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Figure 4.12: Compressive Strength of Rice Brick
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Figure 4.13: Compressive Strength of Millet Brick
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Figure 4.14: Compressive Strength of Cow Dung Brick

4.2.5 Results on Experimental Rigs


Results from the experimental rigs measured during winter and summer of 2018 and 2019 seasons are shown in Tables 4.9 – 4.19. This is accompanied by their respective graphs each month for both the
2018 and 2019 winter and summer seasons as shown in Figs. 4.15 – 4.25 respectively. The following terminologies as used in this research are shown

TAR1	Temperature of agricultural residue for rig A,


TMAB2 Temperature of agricultural residue and marble dust for rig B TNO3	Temperature for rig C without insulation
RHA1	Relative humidity for rig A RHExt.	External Relative humidity
RHMB2 Relative humidity for rig B containing Marble dust


RHNo3  Relative humidity for rig C with no insulation


TAR1, 19 Temperature of agricultural residue for rig A for data collection in 2019


TMAB,19 Temperature of agricultural residue and marble dust for rig B for data in 2019


TAN19 Temperature for rig C without insulation for data collection in 2019


EXT.19 External temperature for 2019


Table 4.9: Average quarterly indoor air temperature in rig TAR1, TAMB2, TNo3 and outdoor temperature for July 2018

	Time
	TAR1
	TMAB2
	TNo3
	Ext. Air temp.

	0:15
	25.3
	25.9
	24.3
	17.3

	0:30
	25.5
	26.2
	24.7
	17.4

	0:45
	25.6
	25.5
	24.5
	17.4

	1:00
	26
	25.6
	24.9
	17.3

	1:15
	27.2
	25.4
	25
	17.1

	1:30
	26.4
	25.8
	25
	16.9

	1:45
	26.8
	25.5
	25
	16.9

	2:00
	27.4
	25.7
	25.2
	16.9




	2:15
	27.8
	25.2
	25.3
	16.8

	2:30
	27.8
	26.5
	24.7
	16.6

	2:45
	27.9
	25.2
	25
	16.8

	3:00
	27.9
	25.5
	24.8
	16.7

	3:15
	25.6
	26.3
	25
	16.8

	3:30
	27.4
	25.8
	24.8
	16.6

	3:45
	28.4
	26.2
	24.6
	16.6

	4:00
	28.1
	26.2
	24.8
	16.5

	4:15
	28.7
	26.4
	24.6
	16.5

	4:30
	27.9
	26.3
	24.8
	16.5

	4:45
	27.4
	27.2
	25.3
	16.5

	5:00
	27.5
	27.9
	25.6
	16.2

	5:15
	28.6
	26.9
	25.4
	16

	5:30
	27.7
	27.6
	25.5
	15.9

	5:45
	29.1
	27.5
	24.9
	15.8

	6:00
	28.3
	27.6
	24.3
	15.9

	6:15
	28.4
	27.5
	25.5
	15.9

	6:30
	28.7
	26.8
	25.4
	15.8

	6:45
	29.3
	27.3
	25.3
	15.6

	7:00
	28.7
	27.4
	25.4
	15.4

	7:15
	27
	27.7
	25.3
	15.7

	7:30
	28.1
	26.8
	25.6
	16

	7:45
	28
	26.7
	25.6
	16.3

	8:00
	27.3
	25.9
	25
	16.8

	8:15
	26.7
	25.5
	24.4
	17.4

	8:30
	26
	25.1
	24.2
	17.7

	8:45
	25.8
	24.8
	23.9
	18.6

	9:00
	25.6
	24.5
	23.6
	18.9

	9:15
	25.4
	24.5
	23.5
	19.5

	9:30
	25.4
	24.4
	23.4
	20.2

	9:45
	25.4
	24.4
	23.3
	21

	10:00
	25.4
	24.4
	23.4
	21.8

	10:15
	25.3
	24.3
	23.4
	22.4

	10:30
	25.3
	24.4
	23.1
	23.7

	10:45
	25.2
	24.4
	23.1
	24.2




	11:00
	25.1
	24.3
	22.9
	24.3

	11:15
	25.1
	24.3
	22.9
	24

	11:30
	25.1
	24.3
	23.1
	24

	11:45
	25.1
	24.3
	22.8
	24.3

	12:00
	25.1
	24.1
	22.8
	23.7

	12:15
	25
	24.2
	22.8
	23.2

	12:30
	25
	24.2
	22.8
	23.2

	12:45
	25
	24.2
	22.8
	23.3

	13:00
	25
	24.1
	22.8
	23.7

	13:15
	24.9
	24.1
	22.6
	24.5

	13:30
	24.9
	24.2
	22.9
	24.1

	13:45
	24.9
	24.1
	22.7
	23.5

	14:00
	24.9
	24.2
	22.8
	23.7

	14:15
	24.9
	24.2
	22.8
	23.9

	14:30
	24.9
	24.2
	22.6
	24.1

	14:45
	24.9
	24
	22.6
	23.4

	15:00
	24.9
	24.1
	22.7
	23.4

	15:15
	24.8
	24.1
	22.4
	23

	15:30
	24.9
	24.4
	23.2
	22.9

	15:45
	25.1
	24.5
	23.9
	22.9

	16:00
	24.9
	24.7
	23.9
	22.6

	16:15
	25.1
	24.4
	24
	22.4

	16:30
	25
	24.5
	23.9
	21.9

	16:45
	24.9
	25.1
	23.5
	21.7

	17:00
	24.9
	24.5
	23.6
	21.2

	17:15
	25
	24.5
	23.6
	20.7

	17:30
	25
	24.4
	23.8
	20.1

	17:45
	25.1
	24.3
	24.1
	19.9

	18:00
	25.1
	24.4
	23.7
	19.8

	18:15
	24.9
	24.2
	23.4
	19.7

	18:30
	24.9
	24.3
	23.8
	19.6

	18:45
	24.9
	24.4
	23.3
	19.5

	19:00
	25
	24.6
	23
	19.5

	19:15
	24.9
	24.3
	23
	19.4

	19:30
	24.7
	24.2
	23.2
	19.2
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Figure 4.15: Temperature quarterly Profile on 03-07-2018

Table 4.10: Average monthly indoor air temperature in rig TAR1, TAMB2, TNo3 and outdoor temperature in July

2018


	Date
	TAR1
	TMAB2
	TNo3
	Air temp.

(average)

	1 Jul 2018
	27.3
	26.2
	24.7
	12.5

	2 Jul 2018
	25.6
	25.5
	24.5
	8.1

	3 Jul 2018
	26
	25.6
	24.9
	7.9

	4 Jul 2018
	27.2
	25.4
	25
	8.5

	5 Jul 2018
	26.4
	25.8
	25
	11.5

	6 Jul 2018
	26.8
	25.5
	25
	11.49

	7 Jul 2018
	27.4
	25.7
	25.2
	11.65

	8 Jul 2018
	27.8
	25.2
	25.3
	12.14

	9 Jul 2018
	27.8
	26.5
	24.7
	13.33

	10 Jul 2018
	27.9
	25.2
	25
	13.68

	11 Jul 2018
	27.9
	25.5
	24.8
	13.34

	12 Jul 2018
	25.6
	26.3
	25
	12.48

	13 Jul 2018
	27.4
	25.8
	24.8
	13.24

	14 Jul 2018
	28.4
	26.2
	24.6
	11.3

	15 Jul 2018
	28.1
	26.2
	24.8
	10.52

	16 Jul 2018
	28.7
	26.4
	24.6
	14.2

	17 Jul 2018
	27.9
	26.3
	24.8
	13.28

	18 Jul 2018
	27.4
	27.2
	25.3
	11.35

	19 Jul 2018
	27.5
	27.9
	25.6
	12.09

	20 Jul 2018
	28.6
	26.9
	25.4
	10.97

	21 Jul 2018
	27.7
	27.6
	25.5
	14.19

	22 Jul 2018
	29.1
	27.5
	24.9
	13.48

	23 Jul 2018
	28.3
	27.6
	24.3
	15.04

	24 Jul 2018
	28.4
	27.5
	25.5
	13.85

	25 Jul 2018
	28.7
	26.8
	25.4
	14.41

	26 Jul 2018
	29.3
	27.3
	25.3
	14.47

	27 Jul 2018
	28.7
	27.4
	25.4
	12.09

	28 Jul 2018
	27
	27.7
	25.3
	12.72

	29 Jul 2018
	28.1
	26.8
	25.6
	13.77

	30 Jul 2018
	28
	26.7
	25.6
	14.68

	31 Jul 2018
	27.3
	25.9
	25
	13.8
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Figure 4.16: Temperature profile for July 2018




Table 4.11: Average monthly indoor humidity in rig TAR1, TAMB2, TNo3 and outdoor humidity in July 2018


	Date
	RHA1
	RHMB2
	RHNo3
	Humidity

	1 Jul 2018
	24
	26.4
	27.4
	36.3

	2 Jul 2018
	24
	26.4
	27.4
	31.5

	3 Jul 2018
	23.9
	26.4
	27.4
	26.2

	4 Jul 2018
	23.8
	26.4
	27.4
	28.1

	5 Jul 2018
	23.9
	26.4
	27.4
	44.93

	6 Jul 2018
	23.9
	26.4
	27.5
	59.74

	7 Jul 2018
	23.9
	26.4
	27.5
	63.27

	8 Jul 2018
	23.8
	26.5
	27.5
	54.53

	9 Jul 2018
	23.9
	26.4
	27.5
	51.31

	10 Jul 2018
	23.9
	26.5
	27.5
	47.33

	11 Jul 2018
	24
	26.5
	27.5
	45.23

	12 Jul 2018
	24
	26.5
	27.5
	52.01

	13 Jul 2018
	24
	26.5
	27.5
	46.85

	14 Jul 2018
	23.9
	26.5
	27.5
	55.13

	15 Jul 2018
	24
	26.5
	27.6
	64.24

	16 Jul 2018
	24
	26.5
	27.6
	51.7



 (
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	17 Jul 2018
	24
	26.5
	27.6
	45.08
	

	
	18 Jul 2018
	24
	26.6
	27.6
	43.33
	

	
	19 Jul 2018
	24
	26.6
	27.6
	46.02
	

	
	20 Jul 2018
	24.1
	26.6
	27.7
	52.92
	

	
	21 Jul 2018
	24.1
	26.6
	27.7
	42.45
	

	
	22 Jul 2018
	24
	26.6
	27.7
	45.94
	

	
	23 Jul 2018
	23.9
	26.6
	27.7
	38.35
	

	
	24 Jul 2018
	23.9
	26.6
	27.7
	42.66
	

	
	25 Jul 2018
	23.9
	26.6
	27.7
	39.33
	

	
	26 Jul 2018
	23.9
	26.6
	27.7
	39.24
	

	
	27 Jul 2018
	23.8
	26.6
	27.7
	41.87
	

	
	28 Jul 2018
	23.9
	26.5
	27.7
	37.84
	

	
	29 Jul 2018
	23.9
	26.5
	27.7
	32.9
	

	
	30 Jul 2018
	24
	26.4
	27.7
	29.82
	

	
	31 Jul 2018
	24.2
	26.6
	27.7
	33.5
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)Figure 4.17: Humidity profile for July 2018

Table 4.12: Average quarterly indoor air temperature in rig TAR1, TAMB2, TNo3 and outdoor temperature for October

2018


	Time
	TAR1
	TANo3
	TAMB2
	Air

Temp average.

	15:30
	25.345
	26.098
	27.829
	29.9

	15:45
	24.955
	26.27
	26.197
	28.7

	16:00
	24.797
	26.468
	25.794
	27.2

	16:15
	24.988
	26.799
	25.814
	26.4

	16:30
	25.253
	26.931
	25.907
	26.9

	16:45
	25.457
	26.97
	26.138
	28.4

	17:00
	25.438
	27.136
	25.887
	29.2

	17:15
	25.88
	27.169
	26.369
	29.3

	17:30
	25.57
	27.195
	25.715
	29.7

	17:45
	25.702
	27.056
	25.907
	28.4

	18:00
	25.649
	26.779
	25.642
	30.1

	18:15
	25.464
	26.713
	25.345
	30.2

	18:30
	25.504
	26.567
	25.702
	26.3

	18:45
	25.167
	26.277
	25.517
	30.4

	19:00
	25.061
	25.999
	25.12
	28.8

	19:15
	25.153
	25.662
	24.929
	27.5

	19:30
	24.896
	25.087
	24.513
	27.4

	19:45
	24.228
	24.559
	24.017
	29

	20:00
	23.561
	24.176
	23.706
	28.7

	20:15
	23.416
	23.958
	23.581
	28

	20:30
	23.112
	23.786
	23.455
	28

	20:45
	22.795
	23.66
	23.303
	28.5

	21:00
	22.577
	23.554
	23.184
	28.2

	21:15
	22.193
	23.409
	23.079
	28.1

	21:30
	22.022
	23.323
	22.953
	28.3

	21:45
	21.962
	23.244
	22.887
	28.7

	22:00
	21.817
	23.165
	22.841
	26.9

	22:15
	21.619
	23.125
	22.762
	27.6

	22:30
	21.348
	23.092
	22.696
	26.3

	22:45
	21.11
	22.999
	22.583
	26.8




	23:00
	20.885
	22.94
	22.458
	26

	23:15
	20.727
	22.867
	22.359
	28

	23:30
	20.555
	22.762
	22.193
	27.9

	23:45
	20.178
	22.669
	22.074
	28.3

	0:00
	20.079
	22.563
	21.936
	26

	0:15
	19.94
	22.458
	21.81
	27.6

	0:30
	19.874
	22.345
	21.685
	26.8

	0:45
	19.755
	22.253
	21.586
	29.4

	1:00
	19.471
	22.18
	21.5
	28.4

	1:15
	19.24
	22.048
	21.374
	29.7

	1:30
	19.048
	21.949
	21.275
	29.8

	1:45
	18.863
	21.83
	21.103
	29.6

	2:00
	18.698
	21.731
	21.011
	30.7

	2:15
	18.48
	21.638
	20.918
	30.6

	2:30
	18.249
	21.506
	20.753
	30.2

	2:45
	18.203
	21.407
	20.647
	30.2

	3:00
	17.978
	21.295
	20.469
	30

	3:15
	17.714
	21.176
	20.409
	30

	3:30
	17.542
	21.097
	20.238
	29.9

	3:45
	17.456
	20.918
	20.165
	29.7

	4:00
	17.304
	20.865
	20.02
	30.3

	4:15
	17.231
	20.72
	19.907
	30

	4:30
	17.033
	20.608
	19.788
	30.4

	4:45
	16.994
	20.515
	19.689
	29.6

	5:00
	16.776
	20.416
	19.544
	30.1

	5:15
	16.736
	20.297
	19.385
	29.3

	5:30
	16.558
	20.185
	19.333
	29.9

	5:45
	16.353
	20.053
	19.273
	29.9

	6:00
	16.207
	19.947
	19.128
	30.3

	6:15
	16.075
	19.828
	18.982
	30.1

	6:30
	15.923
	19.709
	18.877
	30.8

	6:45
	15.738
	19.59
	18.731
	30.1

	7:00
	15.633
	19.458
	18.639
	30.8

	7:15
	15.494
	19.359
	18.526
	29.6

	7:30
	15.342
	19.247
	18.381
	29.6




	7:45
	15.177
	19.095
	18.315
	30.7

	8:00
	15.177
	19.022
	18.17
	30.8

	8:15
	15.223
	18.916
	18.071
	30.7

	8:30
	15.362
	18.877
	18.09
	29.9

	8:45
	15.699
	18.837
	18.11
	30.3

	9:00
	15.989
	18.863
	18.183
	30.3

	9:15
	16.108
	18.943
	18.355
	30.6

	9:30
	16.201
	19.2
	18.467
	30.4

	9:45
	16.392
	19.359
	18.586
	30.8

	10:00
	16.604
	19.405
	18.83
	30.4

	10:15
	16.809
	19.669
	19.128
	30.5

	10:30
	17.027
	20.224
	19.399
	30.7

	1045
	17.231
	20.594
	19.788
	30.8

	1100
	17.562
	21.037
	20.205
	30.5

	1115
	18.262
	21.592
	21.011
	30.6

	11:30
	18.751
	22.061
	21.46
	30.4

	11:45
	19.557
	22.55
	22.213
	29.9

	12:00
	20.079
	22.881
	22.557
	29.5

	1215
	20.191
	23.409
	22.768
	29.2

	1230
	21.07
	23.66
	23.488
	30.2

	12::45
	20.945
	24.037
	23.363
	29.5

	1300
	21.348
	24.4
	23.64
	29.9

	1315
	22.378
	24.612
	24.407
	30.4

	1330
	23.171
	25.001
	25.193
	29.6

	13:45
	23.561
	25.127
	25.286
	29.9

	14:00
	23.026
	25.371
	24.479
	29.9

	14:15
	24.552
	25.887
	26.019
	29.8

	14:30
	24.493
	25.973
	25.774
	29.9

	14:45
	24.334
	26.125
	25.702
	29.4

	15:00
	25.127
	26.475
	26.336
	27.1

	15::15
	25.319
	26.614
	26.554
	28.4

	15:30
	25.636
	26.832
	26.686
	26.7
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Figure 4.18 Summer Temperature Profile for October 2018



Table 4.13: Average quarterly indoor air humidity in rig TAR1, TAMB2, TNo3 and outdoor humidity for 15th October

2018

	Time
	RH1
	RH2
	
	RH3
	
	RH4
	

	00:00
	23.1
	22.7
	22.2
	25.6

	00:15
	23.1
	22.8
	22.2
	26.2

	00:30
	23.09
	22.8
	22.1
	26.4

	00:45
	23.1
	
	23
	22.2
	26.6

	01:00
	23.1
	22.9
	22.2
	26.8

	01:15
	23.12
	
	23
	22.2
	27.1

	01:30
	23.14
	23.2
	22.7
	
	26

	01:45
	23.13
	23.4
	22.9
	25.9

	02:00
	23.17
	23.2
	
	23
	26.1

	02:15
	23.18
	23.2
	
	23
	26.3

	02:30
	23.21
	23.2
	22.9
	26.3

	02:45
	23.22
	23.4
	22.9
	26.4

	03:00
	23.24
	23.1
	22.8
	26.4

	03:15
	23.28
	23.1
	22.7
	26.3

	03:30
	23.3
	23.1
	22.6
	26.4

	03:45
	23.31
	23.1
	22.5
	26.3

	04:00
	23.32
	23.2
	22.8
	26.6




	04:15
	23.37
	23.3
	22.7
	26.6

	04:30
	23.39
	23.3
	22.7
	26.5

	04:45
	23.44
	23.2
	22.6
	26.5

	05:00
	23.45
	23.3
	22.7
	26.5

	05:15
	23.51
	23.4
	22.5
	26.4

	05:30
	23.53
	23.3
	22.5
	26.4

	05:45
	23.56
	23.4
	22.6
	26.4

	06:00
	23.58
	23.3
	22.6
	26.4

	06:15
	23.62
	23.5
	22.6
	26.2

	06:30
	23.63
	23.8
	22.6
	26.3

	06:45
	23.63
	23.7
	22.7
	26.3

	07:00
	23.66
	23.9
	22.8
	26.1

	07:15
	23.66
	24
	22.6
	26.5

	07:30
	23.65
	23.7
	22.5
	26.8

	07:45
	23.64
	23.9
	22.5
	26.9

	08:00
	23.64
	23.9
	22.5
	27

	08:15
	23.64
	23.9
	22.5
	27.3

	08:30
	23.62
	24
	22.6
	27.5

	08:45
	23.62
	23.8
	22.6
	27.7

	09:00
	23.62
	24
	22.5
	27.9

	09:15
	23.62
	23.9
	22.6
	28.1

	09:30
	23.62
	23.9
	22.6
	28.2

	09:45
	23.6
	23.9
	22.6
	28.3

	10:00
	23.6
	23.8
	22.6
	28.5

	10:15
	23.58
	23.8
	22.6
	28.6

	10:30
	23.58
	23.9
	22.6
	28.6

	10:45
	23.56
	24
	22.6
	28.7

	11:00
	23.55
	24.1
	22.6
	28.8

	11:15
	23.54
	24
	22.7
	28.8

	11:30
	23.54
	24.1
	22.6
	28.9

	11:45
	23.53
	23.9
	22.7
	28.8

	12:00
	23.53
	23.9
	22.7
	29

	12:15
	23.5
	23.9
	22.7
	28.9

	12:30
	23.49
	23.9
	22.6
	28.9

	12:45
	23.46
	23.9
	22.6
	28.9




	13:00
	23.44
	23.9
	22.6
	28.9

	13:15
	23.43
	23.9
	22.6
	28.9

	13:30
	23.43
	23.8
	22.5
	28.8

	13:45
	23.42
	23.7
	22.5
	28.8

	14:00
	23.39
	23.9
	22.4
	28.7

	14:15
	23.4
	23.9
	22.3
	28.7

	14:30
	23.4
	23.9
	22.3
	28.7

	14:45
	23.38
	23.9
	22.3
	28.7

	15:00
	23.37
	23.8
	22.2
	28.7

	15:15
	23.34
	23.9
	22.1
	28.7

	15:30
	23.37
	24
	22.1
	28.9

	15:45
	23.34
	23.9
	22.1
	28.9

	16:00
	23.35
	23.8
	22.1
	29.1

	16:15
	23.34
	23.7
	22.1
	29.1

	16:30
	23.34
	23.7
	22
	29

	16:45
	23.32
	23.8
	22
	28.9

	17:00
	23.3
	23.8
	21.9
	28.9

	17:15
	23.3
	23.7
	21.9
	28.9

	17:30
	23.28
	23.7
	21.9
	29.1

	17:45
	23.29
	23.7
	21.9
	29.1

	18:00
	23.28
	23.7
	21.9
	29.1

	18:15
	23.28
	23.6
	21.9
	29.1

	18:30
	23.26
	23.7
	21.9
	28.9

	18:45
	23.24
	23.6
	21.8
	28.9

	19:00
	23.24
	23.8
	21.8
	28.8

	19:15
	23.22
	23.7
	21.8
	28.7

	19:30
	23.22
	23.8
	21.7
	28.5

	19:45
	23.2
	23.7
	21.7
	28.5

	20:00
	23.19
	23.8
	21.7
	28.4

	20:15
	23.16
	23.8
	21.7
	28.3

	20:30
	23.17
	23.7
	21.7
	28.3

	20:45
	23.13
	23.8
	21.7
	28.4

	21:00
	23.13
	23.7
	21.7
	28.3

	21:15
	23.12
	23.7
	21.8
	28.4

	21:30
	23.09
	23.8
	21.8
	28.6




	21:45
	23.09
	23.7
	21.8
	28.5

	22:00
	23.09
	23.8
	21.8
	28.5

	22:15
	23.12
	23.7
	21.8
	28.4

	22:30
	23.13
	23.7
	21.8
	28.6

	22:45
	23.14
	23.6
	21.8
	28.5

	23:00
	23.14
	23.3
	21.8
	28.7

	23:15
	23.14
	23.2
	21.8
	28.7

	23:30
	23.15
	23
	21.8
	28.7

	23:45
	23.17
	23.1
	21.8
	29

	00:00
	23.17
	23.1
	21.9
	28.9
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Figure 4.19 Hourly Summer Humidity Profile 15th October 2018

Table 4.14: Average quarterly indoor air temperature in rig TAR1,19, TAMB19, TAN19 and outdoor temperature for

June 2019


	TIME
	TAR1,19
	TAMB19
	TAN19
	EXT 19

	0:15
	25.4
	25
	23.4
	9.3

	0:30
	25.2
	24.9
	23.1
	9.2

	0:45
	25.2
	24.8
	23.1
	8.9

	1:00
	25.1
	24.8
	23.2
	8.2

	1:15
	25.1
	24.8
	22.9
	8.2

	1:30
	25.1
	24.9
	23.2
	8.7

	1:45
	25.1
	24.8
	23.5
	8.7

	2:00
	25.1
	24.8
	23.2
	8.7

	2:15
	25.1
	24.8
	23.7
	8.7

	2:30
	25.1
	24.8
	23.4
	8.7

	2:45
	25.2
	24.8
	23.2
	9

	3:00
	25
	24.8
	22.9
	8

	3:15
	25
	24.7
	23.7
	8.5

	3:30
	25
	24.8
	23.2
	8.6

	3:45
	25.4
	24.8
	23.1
	8.7

	4:00
	25.2
	24.8
	22.9
	8.6

	4:15
	25.1
	24.7
	23.2
	8.5

	4:30
	24.9
	24.7
	22.5
	7.5

	4:45
	24.9
	24.6
	22.6
	7.2

	5:00
	24.9
	24.7
	22.6
	6.9

	5:15
	25.1
	24.5
	22.9
	7.8

	5:30
	25
	24.6
	22.8
	7.7

	5:45
	25
	24.7
	23.3
	7.8

	6:00
	25
	24.7
	22.6
	7.8

	6:15
	24.9
	24.6
	22.6
	7.7

	6:30
	25.1
	24.5
	22.6
	8.6

	6:45
	25.1
	24.6
	23.4
	9.3

	7:00
	25.4
	24.8
	23.7
	10.4

	7:15
	25.5
	24.8
	23.9
	11.6

	7:30
	25.9
	24.9
	24.7
	13.4

	7:45
	26
	24.9
	24.3
	16.9

	8:00
	26.6
	24.9
	24.7
	20.2

	8:15
	27.2
	24.9
	25
	21.9

	8:30
	26.7
	24.7
	25.4
	21.1

	8:45
	26.5
	24.8
	25.4
	19.4

	9:00
	26.8
	24.8
	25.3
	19

	9:15
	26.8
	24.7
	25.6
	18.4

	9:30
	27
	24.8
	25.3
	18.5

	9:45
	27.6
	24.8
	25
	18.3

	10:00
	27.3
	24.9
	25.6
	18.7

	10:15
	27.3
	25
	24.7
	18.2




	10:30
	27.8
	25.3
	25.3
	19.4

	10:45
	26.7
	25.2
	24.9
	19.9

	11:00
	27.4
	25.6
	25.2
	20.3

	11:15
	27.6
	25.7
	23.9
	19.5

	11:30
	27.2
	25.8
	24.4
	20.9

	11:45
	28.1
	26
	24.4
	20.1

	12:00
	28
	26.3
	24.9
	21.3

	12:15
	28
	26.3
	23.8
	20.4

	12:30
	27.1
	26.4
	25.7
	25.9

	12:45
	28.7
	26.6
	24.1
	25.1

	13:00
	28.6
	26.6
	25.5
	26.6

	13:15
	28.9
	26.6
	23.5
	22.4

	13:30
	29.1
	26.7
	24.9
	23.9

	13:45
	28.5
	26.6
	24.1
	26.9

	14:00
	28.4
	26.7
	23.6
	24.4

	14:15
	28.4
	26.6
	24.4
	25.8

	14:30
	29.4
	26.4
	24.5
	21.4

	14:45
	29.2
	26.5
	25.2
	23.5

	15:00
	29.1
	26.3
	25
	24.9

	15:15
	28.9
	26.4
	25.7
	27.7

	15:30
	28.5
	26.4
	26.1
	26.7

	15:45
	29.1
	26.4
	25.5
	25

	16:00
	28.2
	26.3
	26.2
	22.4

	16:15
	27.7
	26.2
	26.4
	20.8

	16:30
	27.2
	26.2
	25.7
	19

	16:45
	26.8
	26.1
	25.2
	17.8

	17:00
	26.6
	26
	24.8
	16.6

	17:15
	26.4
	25.9
	24.8
	15.9

	17:30
	26.3
	25.9
	24.6
	15.3

	17:45
	26.1
	25.9
	24.4
	14.6

	18:00
	26
	25.8
	24.2
	14.1

	18:15
	26.3
	25.8
	24.5
	14.5

	18:30
	25.9
	25.7
	24.1
	13.4

	18:45
	25.9
	25.7
	24
	13.3

	19:00
	25.9
	25.7
	24
	12.7

	19:15
	25.9
	25.7
	23.9
	12.8

	19:30
	25.8
	25.6
	23.7
	12.4

	19:45
	25.9
	25.6
	24.2
	12.4

	20:00
	25.7
	25.5
	23.7
	11.9

	20:15
	25.7
	25.5
	23.5
	11.6

	20:30
	25.7
	25.5
	23.7
	11.6

	20:45
	25.7
	25.5
	23.7
	11.3

	21:00
	25.6
	25.4
	23.5
	10.9

	21:15
	25.5
	25.4
	23.4
	10.9
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)Figure 4.20 Winter quarterly Temperature Profile for 1st June 2019




Table 4.15: Average monthly indoor air temperature in rig TAR1,19 TAMB19, TAN19 and outdoor temperature in June

2019


	Date
	TAR1,19
	TAMB19
	TAN19
	EXT19

	1-Jun-
19
	26.8
	25.7
	25.2
	14.5

	2-Jun-
19
	26.6
	25.7
	25
	10.1

	3-Jun-
19
	26.5
	26
	25.2
	8.3

	4-Jun-
19
	26.3
	25.7
	24.7
	9.5

	5-Jun-
19
	26.1
	25.5
	24.5
	12.5

	6-Jun-
19
	26.1
	25.4
	24.2
	12.31




	7-Jun-
19
	26
	25.3
	24
	12.45

	8-Jun-
19
	26
	25.3
	23.9
	13.16

	9-Jun-
19
	26
	25.4
	23.9
	14.33

	10-Jun-
19
	25.9
	25.2
	23.7
	14.68

	11-Jun-
19
	25.9
	25.3
	23.7
	14.54

	12-Jun-
19
	25.9
	25.3
	23.7
	13.48

	13-Jun-
19
	25.8
	25.3
	23.6
	14.54

	14-Jun-
19
	25.8
	25.3
	23.7
	12.48

	15-Jun-
19
	25.9
	25.3
	23.6
	11.32

	16-Jun-
19
	25.9
	25.4
	23.7
	15.2

	17-Jun-
19
	25.8
	25.3
	23.7
	14.28

	18-Jun-
19
	25.8
	25.3
	23.7
	13.35

	19-Jun-
19
	25.9
	25.4
	24
	13.09

	20-Jun-
19
	25.9
	25.4
	24.6
	12.97

	21-Jun-
19
	26
	25.4
	24
	15.19

	22-Jun-
19
	25.8
	25.5
	24.3
	14.68

	23-Jun-
19
	25.8
	25.4
	24
	16.54

	24-Jun-
19
	25.8
	25.3
	24.2
	14.55

	25-Jun-
19
	25.8
	25.3
	23.7
	15.31

	26-Jun-
19
	25.8
	25.3
	23.8
	14.57

	27-Jun-
19
	25.7
	25.2
	23.5
	13.19

	28-Jun-
19
	25.8
	25.2
	23.7
	13.75

	29-Jun-
19
	25.7
	25.1
	23.5
	14.47

	30-Jun-
19
	25.7
	25.3
	23.5
	15.48
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Figure 4.21 Winter Temperature Profile for June 2019




Table 4.16: Average monthly indoor humidity in rig TAR1, TAMB2, TNo3 and outdoor humidity in June 2019


	Date
	RHA19
Relative humidity for Rig A
2019
	RHMB19
Relative humidity for Rig B
2019
	RHNO19
Relative humidity for Rig C
2019
	EXT RH
Ext. Relative humidity
2019

	1-Jun-19
	22.40
	24.90
	26.70
	38.3

	2-Jun-19
	21.80
	24.90
	26.80
	33.2

	3-Jun-19
	20.20
	25.00
	26.80
	28.3

	4-Jun-19
	21.90
	25.00
	26.90
	30.1

	5-Jun-19
	22.20
	25.10
	26.90
	46.23

	6-Jun-19
	23.10
	25.00
	26.80
	62.24

	7-Jun-19
	23.40
	25.10
	26.80
	65.21

	8-Jun-19
	23.70
	25.10
	26.60
	56.53

	9-Jun-19
	21.70
	25.10
	26.70
	54.31

	10-Jun-19
	23.50
	25.20
	26.70
	50.32

	11-Jun-19
	23.90
	25.20
	26.70
	47.23

	12-Jun-19
	22.60
	25.20
	26.60
	55.01

	13-Jun-19
	24.20
	25.20
	26.50
	48.05

	14-Jun-19
	22.90
	25.20
	26.50
	57.43

	15-Jun-19
	22.40
	25.20
	26.40
	66.24

	16-Jun-19
	23.00
	25.30
	26.30
	53.72

	17-Jun-19
	22.30
	25.20
	26.30
	47.18

	18-Jun-19
	23.40
	25.20
	26.30
	45.23
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	19-Jun-19
	25.10
	25.30
	26.20
	48.22
	

	
	20-Jun-19
	24.80
	25.20
	26.00
	53.62
	

	
	21-Jun-19
	23.10
	25.20
	25.90
	43.25
	

	
	22-Jun-19
	24.80
	25.20
	25.90
	48.94
	

	
	23-Jun-19
	23.80
	25.30
	25.80
	40.35
	

	
	24-Jun-19
	24.20
	25.20
	25.60
	44.66
	

	
	25-Jun-19
	23.40
	25.30
	25.60
	41.03
	

	
	26-Jun-19
	22.60
	25.30
	25.50
	41.24
	

	
	27-Jun-19
	22.00
	25.20
	25.50
	43.87
	

	
	28-Jun-19
	21.40
	25.30
	25.50
	40.22
	

	
	29-Jun-19
	21.10
	25.20
	25.50
	34.19
	

	
	30-Jun-19
	21.00
	25.20
	25.50
	31.32
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)Figure 4.22 Winter Humidity Profile for June 2019




Table 4.17: Average quarterly Temperature in rig A, B, C and outdoor Temperature on 17th September 2019


	TIME
	TAR2,19
	TAMB2,19
	TANO2,19
	EXT2,19

	0:00
	20.291
	22.24
	22.94
	25.8

	0:15
	20.092
	22.167
	22.848
	25.5

	0:30
	19.868
	22.035
	22.755
	25.6

	0:45
	19.663
	21.909
	22.656
	25.4

	1:00
	19.478
	21.817
	22.524
	26

	1:15
	19.372
	21.678
	22.425
	26.3

	1:30
	19.214
	21.579
	22.312
	26.4

	1:45
	19.002
	21.486
	22.22
	26.4

	2:00
	18.804
	21.354
	22.108
	26.2

	2:15
	18.573
	21.222
	21.975
	26.8

	2:30
	18.348
	21.057
	21.85
	27.1




	2:45
	18.17
	20.938
	21.757
	27.4

	3:00
	18.024
	20.832
	21.625
	27.8

	3:15
	17.813
	20.7
	21.5
	28.7

	3:30
	17.648
	20.568
	21.368
	29.9

	3:45
	17.496
	20.449
	21.209
	28.7

	4:00
	17.449
	20.337
	21.116
	27.2

	4:15
	17.245
	20.218
	21.004
	26.4

	4:30
	17.04
	20.119
	20.885
	26.9

	4:45
	16.934
	20.006
	20.753
	28.4

	5:00
	16.795
	19.888
	20.634
	29.2

	5:15
	16.637
	19.775
	20.509
	29.3

	5:30
	16.531
	19.636
	20.443
	29.7

	5:45
	16.313
	19.511
	20.324
	28.4

	6:00
	16.273
	19.425
	20.158
	30.1

	6:15
	16.082
	19.273
	20.092
	30.2

	6:30
	16.009
	19.181
	19.967
	26.3

	6:45
	15.91
	19.088
	19.848
	30.4

	7:00
	15.804
	18.982
	19.762
	28.8

	7:15
	15.672
	18.883
	19.63
	27.5

	7:30
	15.586
	18.804
	19.577
	27.4

	7:45
	15.5
	18.718
	19.504
	29

	8:00
	15.58
	18.659
	19.425
	28.7

	8:15
	15.765
	18.626
	19.392
	28

	8:30
	16.062
	18.632
	19.372
	28

	8:45
	16.366
	18.778
	19.405
	28.5

	9:00
	16.558
	18.903
	19.385
	28.2

	9:15
	16.551
	19.015
	19.484
	28.1

	9:30
	16.723
	18.989
	19.61
	28.3

	9:45
	16.934
	19.068
	19.696
	28.7

	10:00
	17.146
	19.273
	19.967
	26.9

	10:15
	17.357
	19.465
	20.165
	27.6

	10:30
	17.516
	19.623
	20.376
	26.3

	10:45
	17.747
	19.861
	20.601
	26.8

	11:00
	17.991
	20.119
	20.912
	26

	11:15
	18.262
	20.383
	21.288
	28

	11:30
	18.606
	20.634
	21.87
	27.9

	11:45
	19.035
	20.978
	22.266
	28.3

	12:00
	19.451
	21.295
	22.795
	26

	12:15
	19.61
	21.467
	23.165
	27.5

	12:30
	20.178
	21.85
	23.554
	28.3

	12:45
	20.277
	21.903
	23.832
	29.2

	13:00
	20.614
	22.253
	23.984
	30.4

	13:15
	21.07
	22.557
	24.38
	30.7




	13:30
	21.519
	22.881
	24.638
	30.9

	13:45
	21.982
	23.396
	24.698
	31.2

	14:00
	22.022
	23.231
	25.087
	31.3

	14:15
	22.841
	24.076
	25.101
	31.6

	14:30
	23.118
	24.42
	25.305
	31.7

	14:45
	22.999
	23.799
	25.774
	30.6

	15:00
	23.363
	24.182
	26.092
	30.8

	15:15
	24.162
	24.803
	26.415
	30.4

	15:30
	24.169
	24.678
	26.475
	29.9

	15:45
	24.572
	24.916
	26.594
	30.6

	16:00
	24.764
	25.2
	26.759
	27.4

	16:15
	24.863
	25.411
	27.076
	27.8

	16:30
	25.239
	25.517
	27.043
	27.9

	16:45
	25.028
	25.279
	27.003
	27.7

	17:00
	25.385
	25.51
	27.155
	27.5

	17:15
	24.876
	24.83
	26.363
	26.8

	17:30
	24.724
	24.565
	25.874
	26.6

	17:45
	24.764
	24.493
	25.623
	26.6

	18:00
	24.81
	24.592
	25.477
	26.4

	18:15
	24.532
	24.321
	25.18
	26.3

	18:30
	24.479
	24.156
	24.869
	26.1

	18:45
	24.261
	23.898
	24.539
	25.8

	19:00
	24.083
	23.753
	24.268
	25.5

	19:15
	23.799
	23.594
	24.063
	25.3

	19:30
	23.363
	23.409
	23.799
	25.1

	19:45
	23.006
	23.204
	23.601
	24.8

	20:00
	22.841
	23.072
	23.469
	24.6

	20:15
	22.629
	22.953
	23.343
	24.5

	20:30
	22.411
	22.821
	23.204
	24.5

	20:45
	22.2
	22.676
	23.066
	24.3

	21:00
	21.962
	22.596
	23.026
	24.3

	21:15
	21.777
	22.491
	22.973
	24.3

	21:30
	21.599
	22.464
	22.947
	24.2

	21:45
	21.407
	22.418
	22.9
	24.2

	22:00
	21.196
	22.411
	22.914
	24.1

	22:15
	21.057
	22.233
	22.781
	24.1

	22:30
	20.964
	22.108
	22.656
	24.1

	22:45
	20.813
	22.035
	22.616
	23.9

	23:00
	20.634
	21.916
	22.57
	23.7

	23:15
	20.482
	21.863
	22.511
	23.7

	23:30
	20.304
	21.804
	22.464
	23.6

	23:45
	20.092
	21.645
	22.345
	23.4

	0:00
	19.888
	21.519
	22.226
	23.2
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Figure 4.23 Summer quarterly Temperature Profile for 17th September 2019




Table 4.18: Average daily Temperature in rig A, B, C and outdoor Temperature in September 2019

	DATE
	TAR2,19
	TAMB2,19
	TANO2,19
	EXT2,19

	1-Sept. 2019
	21.209
	22.537
	23.257
	14

	2-Sept.2019
	20.971
	22.464
	23.257
	19.5

	3-Sept.2019
	20.879
	22.339
	23.151
	20.9

	4-Sept.2019
	21.235
	22.226
	23.046
	22.6

	5-Sept.2019
	21.301
	22.286
	23.151
	21.6

	6-Sept.2019
	21.255
	22.319
	23.046
	23.5

	7-Sept.2019
	20.746
	22.326
	23.046
	22.6

	8-Sept.2019
	20.522
	22.187
	22.94
	18.9

	9-Sept.2019
	20.383
	22.074
	22.834
	18

	10-Sept.2019
	20.185
	21.956
	22.729
	19.3

	11-Sept.2019
	20.079
	21.863
	22.729
	20.3

	12-Sept.2019
	20
	21.764
	22.623
	19

	13-Sept.2019
	19.815
	21.691
	22.517
	19.2

	14-Sept.2019
	19.716
	21.586
	22.411
	21.3

	15-Sept.2019
	19.65
	21.48
	22.411
	23.3

	16-Sept.2019
	19.518
	21.387
	22.306
	25

	17-Sept.2019
	19.458
	21.229
	22.2
	25

	18-Sept.2019
	19.418
	21.13
	22.094
	25

	19-Sept.2019
	19.379
	21.037
	21.989
	24.9

	20-Sept.2019
	19.266
	21.024
	21.989
	24.9

	21-Sept.2019
	19.088
	21.017
	22.094
	21.5

	22-Sept.2019
	18.824
	20.991
	21.883
	18.5

	23-Sept.2019
	18.778
	20.879
	21.777
	20.7

	24-Sept.2019
	18.83
	20.667
	21.777
	21.4




	
	25-Sept.2019
	18.857
	20.614
	21.671
	19.5
	

	
	26-Sept.2019
	18.586
	20.68
	21.566
	19.1
	

	
	27-Sept.2019
	18.388
	20.621
	21.46
	20.5
	

	
	28-Sept.2019
	18.203
	20.482
	21.46
	19.4
	

	
	29-Sept.2019
	18.018
	20.423
	21.46
	19.4
	

	
	30-Sept. 2019
	17.965
	20.251
	21.249
	15.8
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)Figure 4.24 Summer daily Temperature Profile for September 2019




Table 4.19: Average daily Humidity in rig A, B, C and outdoor humidity in September 2019


	DATE
	HTAR2,19
	HTAMB2,19
	HTANO2,19
	RHEXT2,19

	1-Sept. 2019
	19.618
	15.926
	15
	10.3

	2-Sept.2019
	19.658
	15.904
	15.113
	5.1

	3-Sept.2019
	19.708
	15.887
	15.102
	8.3

	4-Sept.2019
	19.78
	15.954
	15.246
	8

	5-Sept.2019
	19.71
	15.847
	15.201
	9.5

	6-Sept.2019
	19.696
	15.919
	15.023
	11

	7-Sept.2019
	19.675
	15.905
	15.073
	18.5

	8-Sept.2019
	19.634
	15.936
	14.968
	25.4

	9-Sept.2019
	19.451
	15.94
	14.976
	13.2

	10-Sept.2019
	19.426
	15.879
	14.805
	5.6

	11-Sept.2019
	19.316
	15.929
	14.637
	5.8

	12-Sept.2019
	19.145
	15.789
	14.391
	13.3

	13-Sept.2019
	18.938
	15.762
	14.248
	17.3

	14-Sept.2019
	18.877
	15.759
	14.376
	10.4

	15-Sept.2019
	18.851
	15.786
	14.383
	9.4

	16-Sept.2019
	18.744
	15.893
	14.417
	6.4

	17-Sept.2019
	18.724
	15.992
	14.457
	8.6

	18-Sept.2019
	18.771
	16.02
	14.243
	10.6
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	19-Sept.2019
	18.849
	16.027
	14.212
	9.3

	20-Sept.2019
	18.817
	16.128
	14.483
	7.5

	21-Sept.2019
	18.62
	16.163
	14.56
	9.7

	22-Sept.2019
	18.632
	16.223
	14.441
	18.7

	23-Sept.2019
	18.81
	16.288
	14.417
	8.6

	24-Sept.2019
	18.77
	16.346
	14.693
	9.2

	25-Sept.2019
	18.822
	16.537
	14.919
	8.8

	26-Sept.2019
	18.86
	16.651
	14.956
	26.7

	27-Sept.2019
	18.745
	16.644
	14.77
	10

	28-Sept.2019
	18.951
	16.703
	14.721
	7.5

	29-Sept.2019
	19.003
	16.816
	14.814
	19.1

	30-Sept.2019
	19.086
	16.947
	14.89
	21.5
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Figure 4.25 Summer daily Humidity Profile for September 2019

CHAPTER FIVE










ANALYSIS AND DISCUSSION OF RESULTS





5.1 Overview


This chapter focused on the analysis and discussion of the results obtained from all categories of experimental tasks mentioned in Chapter Four. Results obtained in this research that is highlighted in chapter four are in line with key elements of the approved research topic and specific objectives. Hence, as reflected in laboratory results obtained, the aim to determine the appropriateness of using producing Energy Efficient Materials produced using carefully selected agricultural wastes/residues in Namibia has been achieved. Results obtained in this research agreed with similar studies carried out in other countries (Akinyemi, et al., 2016).
Accuracy of experimental results obtained from bricks and insulating sheets were used to compare the

indoor temperature behaviour of three self-developed experimental rigs that are explained in chapter four. Results (i.e. indoor temperature, humidity, etc.) obtained from these rigs at both summer and winter of 2018 and 2019 clearly showed that bricks and insulating board developed from the selected agricultural residues/waste can lead to the design of a high Energy Efficient residential building/housing.




5.2 Analysis and Discussion


5.2.1 Results of Thermal Conductivity of Insulating Board


From the different mix designs presented in chapter three for agricultural residues of Maize Husks, Millet Husks, Rice Husks, and Cow Dung, various graphs were plotted to show their thermal properties. Based on Figures 5.1 and 5.2, sample C (comprising of 20% (wt.) of Maize Husks, 10% (wt.) of Millet

Husks, 30% (wt.) of Rice Husks, and 40% (wt.) of cow dung) displayed the lowest thermal conductivity of 54.65 mW/(m*K) and the highest thermal resistivity of 0.6935 m2K/W and density of 849 kg/ m3. Sample A on the other hand (composing of 40% (wt.) of maize, 30% (wt.) of millet, 10% (wt.) of rice husks, and 20% (wt.) of cow dung) had the highest thermal conductivity (i.e. 100.71 mW/(m*K) and the lowest thermal resistivity (i.e. 0.4002 m2K/W) and density of 935.10 kg/ m3.
This revealed that sample C has the greatest insulation properties while sample A has the minimum thermal conductivity properties. Therefore, sample C is considered the best thermal efficient insulating material as compared to the rest been investigated since the extent of thermal insulation effectiveness is measured by how low the thermal resistivity and how high the thermal conductivity is. These two parameters measure the suitability of any material concerning the design of energy-efficient buildings or infrastructure. Also, values of thermal conductivity and thermal resistivity obtained for sample C fall within the generally recognized values for a good thermal efficient material as published by Kyauta, et al. (2014) that revealed the following thermal conductivities of good insulating material: Asbestos cement sheet - 0.319 W-1mK; brick building - 0.600 W-1m K; pine wood - 0.138 W-1mK and oak wood -
0.160 W1mK.

Furthermore, regression analyses of thermal conductivity against time for the conditions of the worst and best sample (i.e. samples A and C) as shown in Figures 5.1 and 5.2 revealed that the R2 value of samples A and C are 91% and 95% respectively. This proved that sample C has a good R2  value as compared with sample A, therefore, exhibiting good thermal insulating properties. This is shown in Figures 5.1 (for sample A) and 5.2 (for sample C) respectively.
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Figure 5.1: Sample A Thermal Conductivity versus Time
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Figure 5.2: Sample C Thermal Conductivity versus Time

5.2.2 Results of Thermal Conductivity of Bricks


Results of Thermal Conductivity (hence thermal Resistivity) of bricks of sand mixed with varying percentages of maize husks, rice husks, cow dung, and millet husks respectively are shown in Tables
4.3 – 4.6. This table provides results of thermal conductivity and thermal resistivity of bricks tested using the EPe 500 Lambda machine. From these results, it can be deduced that the percentage mix of
60 % (wt) and 40% of sand has favourable thermal conductivity and thermal resistivity for all bricks.

The thermal conductivity and thermal resistivity of Brick C were determined as 127.24 mW/m*K and

0.6051 m2K/W respectively as shown in Figures 4.3.

Figure 4.5 also shows that the thermal conductivity and thermal resistivity against time for brick type C2 (comprising of 60% (wt.) of cow dung and 40% sand are 128.46 mW/m*K and 0.5994m2K/W respectively. Also, from Figure 4.4 the thermal conductivity and thermal conductivity of brick C1 versus time for brick C1 (comprising of 60% rice husks and 40% sand) are 130.27 mW/m*K and 0.5910 m2K/W respectively.
Figure 4.6 shows that the thermal conductivity and resistivity of the brick C3 (comprises of 60% millet husks and 40% sand are 143.72 mW/m*K and 0.5357 m2K/W respectively.
It can be deduced therefore that brick C (made of 60% maize and 40% sand) has the best thermal conductivity because of its high thermal resistivity 0.6051 m2K/W.
Also, it can be seen from Fig.5.3 that 80% of Agricultural residues lead to an increase in thermal conductivity which shows that from 20% to 60% from Fig.5.3 exhibits a linear relationship that is K = (1
+��𝑚���.)K0   in most cases when K0  = thermal Conductivity at zero temperature. When the effect of
��

temperature on thermal conductivity is considered, the Fourier’s equation,  Q= -kA
��

is written as:
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It can be seen from Fig.5.3 that the thermal conductivity of rice increases as the percentage mix of

agricultural residue increase from 20% to 40% because the equation K = (1 +��𝑚���)K0  it shows that the value of the coefficient of thermal conductivity 𝛽 < 0 therefore, the thermal conductivity will increase from 20% to 40 %. From 40% to 60% there is a decrease in thermal conductivity which shows the 𝛽 >0, and from 60% to 80% the thermal conductivity rises that shows that 𝛽 < 0.

From Fig.5.3 the thermal conductivity for maize husk, cow dung, and millet shows a similar trend from

20% to 60% which linear i.e K = (1 +��𝑚���)K0  for the value of 𝛽 = 0. Again, from 60% to 80% there is a change in the thermal conductivity which shows that 𝛽 > 0. This indicates that the thermal conductivity
is a function of the mix ratio which shows that from 80% is not linear as depicted in Fig. 5.3, therefore,

the thermal conductivity k = K0 f(mix) and


�    �	�2
∫  𝑑𝑥 = ∫   [�0 f(mix)dt.
𝐴   0 	�1
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Fig. 5.3. Thermal conductivity versus percentage mix of Agricultural residues

5.2.3 Results of Marble Dust mixed with Agricultural Residues

From results in Table 4.2, samples A and C mixed with marble dust at various percentages of 5%, 10%,

20%, and 30% revealed that sample A thermal conductivity decreases (with an initial of 100.71 mW/m*K) with a percentage increase in marble dust (i.e. from 5% to 30%). Also, sample C shows a similar trend as sample A, from 5% to 30% with marble dust.

5.2.4 Results on Physical and Mechanical Properties of Brick Type


water absorption test results for the different brick samples were also presented in chapter four. After

24 hours’ immersion of the samples in water, it was revealed that the sample with 20% rice husk has the least value of water absorption followed by the sample with 20% cow dung, 40% rice, and 20 % millet husk respectively. Also, a sample with 80% rice husk has 8.42% water absorption as shown in Table 5.6. From these test results, therefore, 20 % rice husk which is a combination of 20% rice husk and 80% sand had a better performance when compared with 40% rice husk, 20 % millet husk, and
80% rice husk performances after 24 h of  immersion in  water. A  significant  decrease in  water

absorption was also noticed. Therefore, an increase in water absorption can be explained by the increase in the agricultural residue of the brick samples.

The successive rise in water absorption as a result of an increase in the agricultural residue (shown in Figures 4.7 - 4.10) can be attributed to the fact that the capability of the binder that binds particles decreases as the agricultural residue increases. Scatolino et al. (2015) and Akinyemi, et al. (2016) also detected a similar increase in water absorption with an increase in agricultural residues.
Also, the compressive strength of the sample type bricks was seen to decrease with the addition of

agricultural residues for each brick type as shown in Table 4.8. Brick A1 had the highest value of compressive strength while D2 had the least value as shown in Fig. 4.11.
The compressive strength also showed a similar trend in the rise of agricultural residue leading to a declining pattern of compressive strength values as shown in Figures 4.11 – 4.14. Hence, the D2 had the least value of compressive strength of 5.50 N/mm2 and A1 had the highest value of compressive strength of 23.50 N/mm2.

5.2.5 Results of Experimental Rigs





5.2.5.1 Winter period


Figure 4.15 shows the temperature profiles for winter July of 2018 having the highest recorded indoor temperatures of 29.30C. It can be seen that the indoor temperatures for Rig TAR1 recorded higher temperatures than that of Rigs B and C. From Fig. 4.15, it can be seen that the temperature profiles of Rig A or TAR1 range between a comfort level of 20 -24 °C from midnight till midday when the External Air Temperature (Ext.AT) was relatively low. Likewise, as from midday, the indoor temperatures decrease as the external temperatures increase. Conversely, the external temperature did not have much effect on the indoor temperatures as shown in Fig. 4.15. Also, from Fig. 4.15, it can be seen that the indoor temperatures were high while the external temperatures were low and vice-versa. This revealed that Rig A or TAR1 had a better insulating property than the other rigs (i.e. Rigs B and C) that comprise marble dust mix and that with no insulation respectively.

Figure 4.16 shows the monthly temperature for winter in July of 2018. It can be seen from the Figure that as the outer door temperature decreased the indoor temperature increased. Also, Rig A (or TAR1) exhibited the best insulating property since the rig maintained warmer indoor temperature as the outdoor temperature changed on any given day.

Figure 4.17 shows the monthly humidity for winter July of 2018. It can be seen that Rig C (or RHNo3) had the highest humidity followed by Rig B (i.e. mix with 20% marble dust, labelled RHMB2), and lastly Rig A (or RHA1). It can be presumed that the outside humidity does not have much influence on the inside humidity since the increase in humidity outside caused the inside humidity to increase by a very small or negligible amount. Similarly, by matching Figures 4.16 and 4.17, it can be said that the increase in temperature drops the humidity and vice versa.

5.2.5.2 Summer period


Figure 4.18 illustrates the monthly temperature profiles for October of 2018. The average indoor temperature for STAR1 (i.e. Rig A) was 23.4°C and the average outdoor temperature was 23.4 °C, resulting in a difference approximately equal to zero. Likewise, the indoor temperatures range between 21.3°C and 25.50C with many days out of the thermal comfort range of 200C to 24°C thereby

leading to the possible use of an air conditioning system. From Fig. 4.18 however, it can deduce that there are no significant changes between indoor and external air temperatures.

Figure 4.19 shows the humidity in the summer period for the 3rd of October 2018 for Rigs A (represented with humidity RHA3); marble dust Rig B (represented with humidity RHM2); and Rig C (represented with humidity by RH1). The external humidity is represented as RHExt. It can be understood from Figure 4.19 that RHA3 or Rig C has high humidity when compared with Rigs B and A. It can therefore be concluded from Fig. 4.18 that lower temperatures lead to high humidity as shown in Fig. 4.19.

Furthermore, data were analysed for both winter and summer sessions in 2019 as shown in Figures

4.20 – 4.25. It can be seen from Fig. 4.20 that the indoor temperatures for Rig TAR1 on 19 June 2019 recorded high temperatures than rigs B and C. From Fig. 4.20 i.e. temperature profiles of Rig A or TAR1,19 can be observed that the thermal comfort ranges between 20 -23.4 °C from midnight till midday while the External Air Temperature (Ext.AT) was comparatively little. Likewise, as from noontime i.e. between 12:00 – 14:30, the indoor temperatures decrease as the external temperatures rise. On the contrary, the external ambient temperature did not have much consequence on the indoor temperatures as shown in Fig. 4.20. Similarly, Fig. 4.20, clearly shows that the indoor temperatures were high as the external ambient temperatures were low and vice-versa. This can therefore be concluded that Rig A or TAR1,19 had better insulation than the other rigs (i.e. Rigs B and C) including marble dust mix and the rig without any insulation.

Also, Figure 4.21 displays the monthly temperature for the winter of June 2019. It can be noticed from the plot that as the outer door temperature decreases the indoor temperature increased. Also, Rig A (or TAR1, 19) showed the highest insulation since the rig conserved warmer indoor comfort as the outdoor temperature altered in a given day.

From Figure 4.22 that shows the monthly humidity for winter of June 2019, it can be seen that Rig C (or RHTANO19) had the highest humidity followed by Rig B (i.e. mix with 20% marble dust, labelled RHMB2, 19) and lastly Rig A (or TAR1, 19). It also showed that the outside humidity does not have much influence on the inside humidity since the increase in humidity outside causes the inside humidity to increase by a very small or negligible amount. Similarly, by comparing Figures 4.21 and
4.22, it can be observed that the increase in temperature decreases the humidity and vice versa as in the case of July 2018.

Also, the plots of Figures 4.23-4.25 revealed the temperature and humidity of data collected from rig A, B, and C for the summer session in 2019. Figure 4.23 showed the temperature profile for 15th September 2019. It can be seen from the plots that rig A has the lowest temperature than the other two rigs.

Figure 4.24 illustrates the monthly temperature profiles for September 2019. The average indoor temperature for TAR1, 19 (i.e. Rig A) was 22°C and the average outdoor temperature was 22 °C, resulting in a difference of approximately zero. Likewise, the indoor temperatures range between
19.2°C and 21.90C. From Fig. 4.18, it can be seen that there are no significant variations between indoor

and external air temperatures.


Furthermore, Figure 4.25 shows the humidity in the summer period for September 2019 for Rigs A (represented with humidity RHTAR1, 19); marble dust Rig B (represented with humidity HTAMB2 19); Rig C (represented with humidity by HTANO2,19) and the outer humidity represented as RHEXT2,19. It can be understood from Figure 4.25 that Rig C has high humidity when compared with Rigs B and A. It can therefore be concluded that this was due to the lower temperature (from Fig. 4.24), which lead to the high humidity as shown in Fig. 4.25.



5.3 Thermal performance on the experimental rig



5.3.1 Winter condition

Results obtained from this study revealed that the thermal comforts range obtained are better when compared with those obtained by Andre (2011) that ranged from 15.8°C to 12°C.
In this study, the indoor temperatures of the house with agricultural residues recorded a maximum temperature of 20.4 °C and minimum temperature of 13.5 °C which are higher than the temperatures of the study conducted by Andre (2011) in South Africa. Also, as from 12:15 AM - 10:45 AM, the recorded indoor temperatures were higher than the outdoor temperatures thus heat was being lost from the house to the outdoor. The question has been why were high temperatures being recorded at night? This could be as a result of the building envelope storing the solar energy and uses the thermal mass concept, to distribute it. That is by the heat absorbed during the day gets circulated via buoyancy phenomena.

The performances of the three rig systems were related considering the average daily temperatures. Rig A (with the agricultural residues from maize, millet, rice, and cow dung as the insulating material in the middle of two brick walls) recorded 18 days out of 31 with an average temperature of 22.4°C which is within thermal comfort temperature while Rig B (Marble dust mixed with agricultural residue from maize, millet, rice, and cow dung as insulating material sandwiched between two brick walls with cavity 50mm) recorded 14 and Rig C (which served as Control design rig i.e. conventional single-layered brickwork with no insulation) recorded 10 days with an average temperature of 22.4°C (Onjefu et al.,
2019).



Calculating the efficiency of the three systems;
18

ŊrigA =
31

X 100 = 58.06 %.........................................................................................5.9





ŊrigB =

14
X 100 = 45.16 %.............................................................................................510
31




10
ŊrigC =
31


X 100 = 32.25 %.........................................................................................5.11


These results show that Rig A (with the agricultural residues from maize, millet, rice, and cow dung)

will use less energy (therefore higher efficiency) than the other two rigs B and C.

5.3.2 Summer condition

Results from this research as reflected in chapter four show that high indoor temperatures recorded in Rig C (or TAN03) were above the comfort temperature range. The highest indoor temperature recorded was 300C at midday, when the outside air temperature was relatively high. It can therefore be concluded that the rig without insulation (i.e. Rig C), when compared with that of Rig A had a higher temperature.
This finding answers/addresses the specific objective that requires conducting a comparative thermal behaviour assessment with conventional insulating materials.

5.4 Summary of Key Results


The results of this research also revealed that it is possible to develop particleboards from agricultural residues of maize, millet, and rice and cow dung still obtain reasonable/acceptable physical properties. From the results obtained from the eleven samples tested labelled A to K, Sample C (composed of 10% maize, 10% millet, 30% rice, and 40% cow dung) offers the lowest thermal conductivity of 54.65 mW/ (m*K) and the highest thermal resistivity 0.6935 m2K/W, whereas sample A (composed of 40% maize,
30% millet, 10% rice and 20% cow dung) gave the highest thermal conductivity and lowest thermal

resistivity, hence considered poor thermal efficiency.

However, with a mix ratio of 5%, 10%, 20%, and 30% marble dust added to sample A and C showed that with 5% addition of marble dust to sample A (of compositions 40% maize, 30% millet, 10% rice and 20% cow dung) gave a thermal conductivity of 71.99 mW/ (m*K) and thermal resistivity of 0.9136 m2K/W. Furthermore, with 5% addition of marble dust to sample C (made of varying ratio of 10% maize, 10% millet, 30% rice, and 40% cow dung) gave a high thermal conductivity and low thermal resistivity, hence considered poor thermal efficient with the addition of marble dust.
Furthermore, for Brick C, the thermal conductivity and thermal resistivity were observed as 127.24 mW/m*K and 0.6051 m2K/W respectively which makes brick C (comprises of 60% maize and 40% sand) the best in terms of lower thermal conductivity and high thermal resistivity.
From the experimental rigs A, B, and C, the following can be concluded: In winter, Rig A accomplishes better performance in terms of temperature and humidity followed by Rig B and Rig C as control. The same applies in summer irrespective of an increase in external temperature, the indoor temperature is maintained at ambient at the constant condition. This means in summer Rig C due to high temperature will need the use of an HVAC unit for cooling.
It can be seen from Table 4.9- 4.19 that the temperature and humidity collected is relatively small when compared with both inside and outside of the rigs. This might be attributed to inadequate air tightness and less/no insulation at the doors and windows of the rigs.

CHAPTER SIX










VALIDATION OF RESULTS


6.1 Overview

This chapter focuses on appropriate tools used to validate results obtained from laboratory results especially those related to Rig A.
The tools were then used to check the accuracy of results and conclusions obtained from the major category.



6.2 Validation Tools Used for thermal conductivity

The guarded hot plate apparatus (GHPA) is widely accepted as a primary apparatus to determine the apparent thermal conductivity of insulating materials. The hot and cold plate keeps the boundary conditions constants (temperature) in the superior and inferior surfaces of the specimen. In the ideal case, the plates are in perfect thermal contact with the specimen, and the heat flow through it is one- dimensional and independent of time. The specification for the thermal conductivity tool Meter EP 500 can be seen in Table 6.1.
The guarded hot plate apparatus k-Meter EP 500 can automatically complete three subsequent tests

on one specimen at different temperatures between 10 and 40 0C, the average measuring temperature was 10, 25, 40 0C. The difference between cool and heat plate was 5 0C for all test sequents. The average temperature was calculated from the cold and heating plates.

Table 6.1 Specifications for thermal conductivity equipment. Source (Ashour, 2010)





6.3 Validation Tools Used for Experimental Rigs

The software ANSYS and the design tools ANSYS Fluent will be used. The modelling will include the temperature and velocity distribution of the rigs. The ANSYS Fluent tool comprises the broad physical modelling abilities needed to model airflow, heat transfer, in the rigs.



Figure 6.1 fluent simulation convergences



Fig. 6.1 shows the Reynolds Averaged Navier Stokes (RANS) equations and turbulence models which create a system of equations that is essential to be resolved numerically. An analytical solution for

 (
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these equations is difficult; therefore, an iterative numerical solution method is employed on a mesh to estimate the partial differential equations into estimated algebraic equations. The linearized algebraic equations iteratively converge to the nonlinear solutions by employing a suitable algorithm built-in FLUENT. A convergence criterion is specified to attain a suitable accuracy. When all the flow properties in all cells of the mesh reach the convergence criteria, the solution is considered “converged” and the iterative process ends (Kayne, 2012).



Figure 6.2 Temperature (in Kelvin) plot



Figure 6.2 shows the contour of temperature distribution on the walls and the air inside rig A made with maize husks, rice husks, and millet husk, and cow dung. The temperature distribution for the air is taken at a height of 1.5 m from the ground. It can be seen that the average air temperature of about
281.3K (8.3°C) on the wall is almost uniform. The average air temperature is a little higher than inside the rig at about 283.8K (10.8°C). This is due to a high heat loss from the rig to the outdoors during the winter season.




Figure 6.3 Velocity plot




Figure 6.3 shows the distribution of air velocity from the CFD simulation. With free convection, the air is seen to flow in a streamlined condition from the door towards the top side of the rig on the central wall, with increasing velocity toward the top. It can be seen that air circulation also occurs in the middle of the rig but there is almost no airflow around the edges of the walls.



Figure6.4 Temperature (in Kelvin) plot winter

From Figure 6.4, it can be seen that the average air temperature distribution during winter results revealed that there is a significant temperature variation on the front wall surface toward the top of the rig with the highest temperature of about 284.2K (11.2°C), it can be seen from Figure 6.4 that the lowest temperature is 280.9K (8.1°C).



Figure 6.5 Velocity plot for winter



Also, Fig. 6.5 shows the air velocity distribution with free convection. The air is seen to flow in a streamlined condition from the door towards the top side of the rig, with increased velocity toward the top. It can also be seen that the air velocity is more towards the two adjacent windows.






Figure6.6 Temperature (in Kelvin) plot summer



From Figure 6.6, it can be seen that the air temperature distribution during summer revealed that there is a significant temperature variation on the front wall surface toward the top of the rig with the highest temperature of 303K (30°C). Specifically, temperatures remain low near the floor and increase with height.

6.4 Validation Model for thermal conductivity of particleboard


Thermal conductivity determinations are subject to several equations. The data were taken from the data logger and thermal conductivity was calculated through software related to the k instrument.

Thermal conductivity was calculated using the following equation.


Λ10 =   Φc. L/ 2A (Th - Tc)	(6.1)


where, Λ10 is the thermal conductivity at 10 0C (W/mK), Φc the heat flow, which flows under stationary conditions perpendicularly to the sample surface through the sample (W), The heating plate area (m2), L the thickness of the samples (m), Th  the temperature at the heating plate surface (K), and TC is the temperature at the surface of the cooling plate (K)

6.5 Validation Model for Bricks
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Figure 6.7 Fourier Law with constant thermal conductivity


However, the equation for one-dimensional steady heat conduction in a slab, according to the Fourier law (Fig. 6.7) is:
−�𝐴∆�
Q =	6.2
𝑋

Where,

Q= Heat transfer rate [W].

A = Area, L x H, in heat flow direction [m2]. k = Material thermal conductivity [W/m K] ΔT = T1-T2, Temperature [K]
x = Brick Thickness [m

Generally, the thermal conductivity value deduced is related to the average temperature of the tests
Tm = (Th + Tc)/ 2	6.3
The thermal conductivity is computed for each time step using Equation 6.2. The measurement area

used has a side of 150.4mm, which corresponds to the optimal area obtained by numerical simulation. This experimental validation will thus also confirm this area choice. The moving averaged thermal
conductivity �̅ 720(𝑡�) is then evaluated as in Equation 6.4, with ��� > 720. At each time step, it agrees with
the mean of the thermal conductivity measured.


                                                                                                                    6.4

The moving standard deviation of the thermal conductivity is defined by Equation 6.5. At a given time step, it defines the variations of measured thermal conductivity around the average on the time
interval [��(�−720), ���]   (Dubois et.al., 2015).
                                                                                                 6.5
In conclusion, the moving variation coefficient at time ��� is the ratio of the moving standard deviation of  thermal conductivity on  its moving average. The measurement terminates when  the  moving

variation coefficient falls below 0.4%, which is defined as the stability threshold.




6.6 Validation Model for Experimental Rig

Results obtained by the CFD model were matched with the real corresponding experimental data using the normalized mean square error (NMSE).


NMSE = ( VCFD  - Vm )2 / (VCFD x Vm )	(6.3)

Where,

VCFD = Simulated value of CFD Vm    = measured value obtained


Table 6.2: Normalized Mean Square Error (NMSE) between the winter temperature values obtained in the simulation and experimentally
	Average Measured

temperature
	Average Simulated Value
	NMSE

	8.10 C
	110 C
	0.09

	7.90 C
	10.60 C
	0.08



Table 6.3: Normalized Mean Square Error (NMSE) between the summer temperature values obtained in the simulation and experimentally.

	Average Measured

temperature
	Average Simulated Value
	NMSE

	310 C
	220 C
	0.12

	290 C
	200 C
	0.14

	270 C
	21.40 C
	0.05




Based on the work of Mostafa et al., (2012) stated that NMSE values below 0.25 are considered a good indicator of agreement between simulated and measured values. It is observed from Table 6.2 and Table
6.2 that the NMSE found shows agreement between the values simulated and measured experimentally

for both winter and summer season. The findings confirm with the work of, Vilela et al., (2019), that NMSE

of 0.2, signifying a good acceptance of simulated results with measurements.


6.6.1 Validation of CFD data for winter and summer in 2019


The comparison between measured and simulated temperature gradients is presented in Figures 6.8 –

6.9. The temperature gradients from the CFD model agree well with the measured temperatures. On average, the difference between simulated and measured data was 0.2°C for the values of Rig A in the winter season of June 2019 at different days in the month as given in Table 6.4. Also, Table 6.5 shows the measured and simulated temperatures for the summer season in 2019.

Table 6.4: Measured and Simulated data for June 2019

	June 2019
	Average Measured Temperature
	Average Simulated Temperature

	2nd June
	10.1
	12.8

	3rd June
	8.3
	11.8

	4th June
	9.5
	10.7

	5th June
	12.5
	15.3

	10th June
	14.7
	16.8

	23rd June
	16.5
	17.6
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Figure 6.8 Validation of CFD Simulation for Rig A


Table 6.5 : Measured and Simulated data for September 2019


	September 2019
	Average Measured Temperature
	Average Simulated Temperature

	1st  June
	31
	23

	4th  June
	30
	22

	10th   June
	29
	21.7

	12th  June
	28
	20

	16th  June
	27
	21.4

	22nd  June
	26
	20.3

	
	
Month of September 2019
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)Figure 6.9 Validation of CFD Simulation for Rig A

Simulation of Rig A was validated at six different days (i.e. 1st, 4th, 10th, 12th, 16th, and 22nd) in September

2019. The temperatures in rig A are presented in Figure 6.9. Results obtained by the CFD model in 2019 were also matched with the real corresponding experimental data using the normalized mean square error (NMSE) given in equation 6.3. The error from the NMSE equation is 0.25 which is relatively small. The general agreement between the CFD simulation and the experimental measurement was satisfactory.

CHAPTER SEVEN










CONCLUSION AND RECOMMENDATION


7.1 Overview

This Chapter provides concluding remarks for the solution for material investigation. This encompasses the thermal conductivity of the insulating board; thermal conductivity test on the different brick samples; the thermal conductivity of marble mix with the agricultural particle board ratio; the physical and mechanical properties of the type of the brick used in the research; and the experimental rig used. Also, some recommendations for further research are included in this Chapter.



7.2 Key Research Findings

In Namibia and most developing African countries, most agricultural wastes add no value to human advancement. They are mostly either allowed to rot or burnt thereby contributing to environmental degradation and pollution. The novelty of this research in terms of environmental benefit aimed at converting this negative environmental impact to developing building materials that will lead to the design of energy-efficient housing that eliminates the use of conventional electricity-driven devices for heating and cooling during cool and hot seasons.
Due to the large volume produced every year and the extent of their environmental degradation

observed in Namibia and most African countries, key building materials were developed and tested from the following agricultural wastes/residues: maize husk, millet husk, rice husk, and cow dung. Based on the well-selected proportionate mixed design of these materials, the research was able to develop the following key findings in each of the categories considered.


7.2.1 Thermal Conductivity Test of Insulating Board

The findings clearly showed that with suitable mixed ratios and methods, agricultural residues can be used to develop insulating materials that contribute to thermal efficiency and increased human comfort without the use of conventional heating and cooling devices like air conditioning systems that

 (
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are usually powered by machines that pollutes the environment. Insulating boards were produced from a well-selected combination of agricultural residues of maize, millet, rice husks, and cow dung. Laboratory results obtained give better thermal resistivity values when compared with existing literature and materials. This makes it appropriate for the design and construction of energy-efficient buildings. Very few existing literature looks into this aspect of research.


7.2.2 Thermal Conductivity Test of Bricks

Thermal Conductivity and resistivity results revealed that materials developed from the residues of maize, millet, maize, and cow have good energy efficiency in building. Laboratory results obtained in this research concludes that bricks with the percentage composition of 60% maize and 40 sand produced the lowest thermal conductivity of 127.24 mW/(m*K) and the highest thermal resistivity of
0.6051 m2K/W. This makes such bricks suitable in the design of affordable, sustainable, and energy-

efficient housing infrastructure, especially for low-income individuals.



7.2.3 Marble Dust mixed with Agricultural Residues

The usefulness of marble dust is tested by adding certain percentages of it in the best and worst samples that measure thermal conductivity and thermal resistivity. Results revealed that there was a decrease in thermal conductivity hence an increase of thermal resistivity for samples A and a decrease in thermal conductivity with an increase in resistivity of sample C. This showed that also of marble dust there was a decrease in thermal conductivity for both samples A and C.
This research, therefore, concludes that the use of marble dust in the mixed design serves as a binder, raw material for energy-efficient building, improved/increased the thermal resistivity of the material, improved building thermal efficiency, occupants’ comfort, and reduction in energy consumption.


7.2.4 Physical and Mechanical Properties of Brick Type


Laboratory investigations were carried out on the thermal, physical, and mechanical properties of materials developed from agricultural wastes/residues developed from Maize husk, Rice husk, Millet husk, and cow dungs. Results revealed that water absorption for all bricks increases with a percentage increase of 20%, 40%, 60% & 80% of agricultural residues/wastes.  Also, the compressive strengths of all bricks decrease with a percentage increase of agricultural residues of 20%, 40%, 60%, and 80%. However, with  the  addition  of  cement and  sand  in  the  agricultural  residues/wastes, the  water

absorption increases with an increase in the agricultural residues. Also, the compressive strength of bricks decreases and water absorption increases for all the sample bricks.
This finding further revealed how carefully selected mixed design in agricultural residues/wastes can lead to the development of bricks that are strong and suitable for use in a sustainable, affordable, and environmentally friendly energy-efficient building.


7.2.5 Experimental Rigs

To further prove the authenticity of results obtained, 3 rigs of varying designs were built from materials developed to which temperature and humidity measurements were taken at both hot (summer) and cold (winter) periods in Namibia. Their thermal efficiencies were then compared with that of a normal residential building. Results showed that the indoor temperature and humidity of rigs made from agricultural residues (with and without marble dust and insulation) compared with outside temperature during summer and winter in Namibia correlated sustainable green buildings.
In winter, the Rig made from the agricultural residues (i.e. Rig A), used as insulation, performs better

than the Rig with marble mix (i.e. Rig B) in terms of temperature and humidity taking the third Rig (i.e. Rig C) without any form of insulation as reference. In summer irrespective of the increase in outside temperature, the indoor temperature remains at the ambient and constant condition.
The once again showed the good thermal resistivity behaviour of material developed in this research when appropriate design concepts are followed. Hence using locally available agricultural wastes/residues under carefully selected mixed proportions can lead to addressing emerging social, economic, and environmental challenges that are linked to climate changes.

7.3 Key Recommendations


The following are key recommendations to be made for each of the following categories considered in this research.



7.3.1 Recommendations of Thermal Conductivity Tests for particle Boards

In other to see how the mix ratio performs concerning microstructure when using the Section Electron Microscope (SEM), varying tests in varied testing environments including those in humid/tropical environments have to be conducted for a period longer than six months. This was not this case in this research since Namibia is a semi-arid country. However, results obtained so far in semi-arid environments comply with existing literature.

7.3.2 Recommendations Thermal Conductivity Test of Bricks

The current research does not consider analyses/studies linked to the stress-strain behaviour of bricks with the time it takes for the sample to fail. Also, a thickness swelling test to determine the change in the thickness of a sample after it has been immersed in water for a given period was not done. This test will show the effect of water on the thickness of the bricks by using a digital veneer calliper to measure the changes before and after water immersion. Performing such studies and tests will provide more information that will complement the results obtained in this research.


7.3.3 Recommendations Marble Dust mixed with Agricultural Residues

The results obtained for this category was based on an optimum temperature of 40oC. This research recommends further studies based on a range of temperatures up to collapse or failure stage be conducted. Also, information related to the mineral composition of marble dust should be obtained to ascertain their contribution to the positive behaviour of marble dust to the thermal behaviour of samples considered.

Due to its positive viability to improve thermal resistivity marble dust should be exploring for energy- efficient materials to be used for building in energy performance.

7.3.4 Recommendations Physical and Mechanical Properties of Brick Type


Since the soil sample and agricultural residues/wastes used had a lot of fines particles, wide-ranging tests including permeability and shear box tests need to be performed to understand how the samples

perform under shear forces. There is a need for further study to look at Possible approaches to improve the workability (i.e. Permeability test, relative density, Soundness test Hardness test, Efflorescence test to know the presence of soluble salt in the sample, etc.) of bricks.


7.3.5 Recommendations Experimental Rigs

Comparative studies on rigs behaviour under changes in climatic conditions especially under extremely hot and dry, hot and wet environments need to be conducted. This study is only limited to the moderately cold and hot environment in assessing the performance of material developed.  This will lead to detailed and wide-ranging assessment results that capture wide-ranging environmental and climatic conditions of rig performance. Also, the In-situ performance measurement should be done under a closed airtightness with adequate insulation of the doors and windows of the rigs to give good readings of temperature and humidity in the rigs.
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A1.1 Thermal conductivity raw data for sample A


t/[min] lambda/[mW/(m*K)]


1	106.800003051758


2	107.019996643066


3	106.949996948242


4	107.180000305176


5	107.459999084473


6	107.959999084473


7	108.559997558594


8	109.150001525879


9	109.589996337891


10	109.559997558594


11	109.319999694824


12	109.23999786377


13	109


14	108.860000610352


15	108.650001525879


16	108.389999389648


17	108.25


18	108.050003051758


19	107.699996948242


20	107.23999786377

	21
	106.919998168945

	
22
	
106.470001220703

	
23
	
106.230003356934

	
24
	
105.870002746582

	
25
	
105.660003662109

	
26
	
105.620002746582

	
27
	
105.309997558594

	
28
	
104.940002441406

	
29
	
104.5

	
30
	
104.349998474121

	
31
	
104.230003356934

	
32
	
104.230003356934

	
33
	
104.400001525879

	
34
	
104.569999694824

	
35
	
104.769996643066

	
36
	
104.959999084473

	
37
	
105.129997253418

	
38
	
105.459999084473

	
39
	
105.809997558594

	
40
	
106.029998779297

	
41
	
106.23999786377

	
42
	
106.360000610352



	43
	106.230003356934

	
44
	
106.160003662109

	
45
	
105.959999084473

	
46
	
105.800003051758

	
47
	
105.769996643066

	
48
	
105.75

	
49
	
105.709999084473

	
50
	
105.559997558594

	
51
	
105.389999389648

	
52
	
105.169998168945

	
53
	
104.800003051758

	
54
	
104.519996643066

	
55
	
104.220001220703

	
56
	
103.779998779297

	
57
	
103.089996337891

	
58
	
103.120002746582

	
59
	
103.169998168945

	
60
	
103.190002441406

	
61
	
103.230003356934

	
62
	
103.26000213623

	
63
	
103.330001831055

	
64
	
103.410003662109



	65
	103.5

	
66
	
103.599998474121

	
67
	
103.720001220703

	
68
	
103.849998474121

	
69
	
104

	
70
	
104.120002746582

	
71
	
104.26000213623

	
72
	
104.400001525879

	
73
	
104.529998779297

	
74
	
104.629997253418

	
75
	
104.709999084473

	
76
	
104.730003356934

	
77
	
104.75

	
78
	
104.76000213623

	
79
	
104.75

	
80
	
104.690002441406

	
81
	
104.610000610352

	
82
	
104.529998779297

	
83
	
104.410003662109

	
84
	
104.309997558594

	
85
	
104.199996948242

	
86
	
104.110000610352



 (
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	87
	104.040000915527

	
88
	
103.970001220703

	
89
	
103.919998168945

	
90
	
103.900001525879

	
91
	
103.889999389648

	
92
	
103.900001525879

	
93
	
103.930000305176

	
94
	
104

	
95
	
104.069999694824

	
96
	
104.139999389648

	
97
	
104.209999084473

	
98
	
104.26000213623

	
99
	
104.279998779297

	
100
	
104.300003051758

	
101
	
104.290000915527

	
102
	
104.290000915527

	
103
	
104.279998779297

	
104
	
104.26000213623

	
105
	
104.220001220703

	
106
	
104.169998168945

	
107
	
104.080001831055

	
108
	
103.980003356934



	109
	103.879997253418

	
110
	
103.779998779297

	
111
	
103.709999084473

	
112
	
103.720001220703

	
113
	
104.529998779297

	
114
	
104.459999084473

	
115
	
104.23999786377

	
116
	
104.160003662109

	
117
	
104.110000610352

	
118
	
104.120002746582

	
119
	
104.080001831055

	
120
	
103.98999786377

	
121
	
103.980003356934

	
122
	
104.050003051758

	
123
	
103.959999084473

	
124
	
103.849998474121

	
125
	
103.650001525879

	
126
	
103.480003356934

	
127
	
103.379997253418

	
128
	
103.370002746582

	
129
	
103.180000305176

	
130
	
103.150001525879



	131
	103.139999389648

	
132
	
103.129997253418

	
133
	
103.069999694824

	
134
	
103.01000213623

	
135
	
102.930000305176

	
136
	
102.860000610352

	
137
	
102.790000915527

	
138
	
102.730003356934

	
139
	
102.669998168945

	
140
	
102.629997253418

	
141
	
102.589996337891

	
142
	
102.589996337891

	
143
	
102.620002746582

	
144
	
102.680000305176

	
145
	
102.769996643066

	
146
	
102.879997253418

	
147
	
102.949996948242

	
148
	
103.069999694824

	
149
	
103.190002441406

	
150
	
103.319999694824

	
151
	
103.430000305176

	
152
	
103.51000213623



	153
	103.620002746582

	
154
	
103.660003662109

	
155
	
103.669998168945

	
156
	
103.669998168945

	
157
	
103.680000305176

	
158
	
103.650001525879

	
159
	
103.589996337891

	
160
	
103.480003356934

	
161
	
103.379997253418

	
162
	
103.25

	
163
	
103.139999389648

	
164
	
103.01000213623

	
165
	
102.889999389648

	
166
	
102.779998779297

	
167
	
102.669998168945

	
168
	
102.599998474121

	
169
	
102.529998779297

	
170
	
102.5

	
171
	
102.5

	
172
	
102.51000213623

	
173
	
102.519996643066

	
174
	
102.589996337891



	175
	102.660003662109

	
176
	
102.720001220703

	
177
	
102.790000915527

	
178
	
102.830001831055

	
179
	
102.870002746582

	
180
	
102.919998168945

	
181
	
102.930000305176

	
182
	
102.930000305176

	
183
	
102.940002441406

	
184
	
102.930000305176

	
185
	
102.889999389648

	
186
	
102.849998474121

	
187
	
102.769996643066

	
188
	
102.730003356934

	
189
	
102.720001220703

	
190
	
102.730003356934

	
191
	
102.919998168945

	
192
	
103.25

	
193
	
103.309997558594

	
194
	
103.410003662109

	
195
	
103.540000915527

	
196
	
103.639999389648



	197
	103.680000305176

	
198
	
103.779998779297

	
199
	
103.809997558594

	
200
	
103.779998779297

	
201
	
103.75

	
202
	
103.620002746582



A1.2. Thermal conductivity raw data for sample C


t/[min] lambda/[mW/(m*K)]


1	17.2099990844727


2	17.7800006866455


3	18.4599990844727


4	19.25


5	20.1299991607666


6	21.1399993896484


7	22.25


8	23.4200000762939


9	24.5499992370605


10	25.5699996948242


11	26.4699993133545


12	27.2999992370605


13	28.0400009155273


14	28.7199993133545


15	29.2999992370605


16	29.7600002288818


17	30.1200008392334


18	30.4599990844727


19	30.7900009155273


20	31.1200008392334

	21
	31.5

	
22
	
31.9400005340576

	
23
	
32.3899993896484

	
24
	
32.8199996948242

	
25
	
33.2400016784668

	
26
	
33.689998626709

	
27
	
34.1399993896484

	
28
	
34.5800018310547

	
29
	
35.0200004577637

	
30
	
35.3499984741211

	
31
	
35.5200004577637

	
32
	
35.6100006103516

	
33
	
35.6800003051758

	
34
	
35.810001373291

	
35
	
35.9300003051758

	
36
	
36.0499992370605

	
37
	
36.1599998474121

	
38
	
36.2700004577637

	
39
	
36.4199981689453

	
40
	
36.6399993896484

	
41
	
36.9199981689453

	
42
	
37.2200012207031



	43
	37.5200004577637

	
44
	
37.8199996948242

	
45
	
38.1399993896484

	
46
	
38.4500007629395

	
47
	
38.7799987792969

	
48
	
39.0999984741211

	
49
	
39.4199981689453

	
50
	
39.7400016784668

	
51
	
40.0400009155273

	
52
	
40.3300018310547

	
53
	
40.5800018310547

	
54
	
40.7900009155273

	
55
	
40.9900016784668

	
56
	
41.1399993896484

	
57
	
41.2400016784668

	
58
	
41.3300018310547

	
59
	
41.3899993896484

	
60
	
41.4300003051758

	
61
	
41.4799995422363

	
62
	
41.5299987792969

	
63
	
41.6300010681152

	
64
	
41.75



	65
	41.8800010681152

	
66
	
42.0800018310547

	
67
	
42.3499984741211

	
68
	
42.689998626709

	
69
	
43.0699996948242

	
70
	
43.4199981689453

	
71
	
43.7599983215332

	
72
	
44.0499992370605

	
73
	
44.3199996948242

	
74
	
44.5699996948242

	
75
	
44.7700004577637

	
76
	
44.8699989318848

	
77
	
44.9000015258789

	
78
	
44.8600006103516

	
79
	
44.7900009155273

	
80
	
44.7299995422363

	
81
	
44.689998626709

	
82
	
44.6599998474121

	
83
	
44.6199989318848

	
84
	
44.5800018310547

	
85
	
44.5699996948242

	
86
	
44.5499992370605



 (
170
)
	87
	44.560001373291

	
88
	
44.5999984741211

	
89
	
44.6500015258789

	
90
	
44.7299995422363

	
91
	
44.810001373291

	
92
	
44.9000015258789

	
93
	
45

	
94
	
45.1100006103516

	
95
	
45.2000007629395

	
96
	
45.2999992370605

	
97
	
45.3699989318848

	
98
	
45.439998626709

	
99
	
45.4799995422363

	
100
	
45.5200004577637

	
101
	
45.560001373291

	
102
	
45.5999984741211

	
103
	
45.6399993896484

	
104
	
45.7400016784668

	
105
	
45.9099998474121

	
106
	
46.1399993896484

	
107
	
46.4700012207031

	
108
	
46.8899993896484



	109
	47.3499984741211

	
110
	
47.810001373291

	
111
	
48.2299995422363

	
112
	
48.5999984741211

	
113
	
48.9500007629395

	
114
	
49.2400016784668

	
115
	
49.439998626709

	
116
	
49.5400009155273

	
117
	
49.5400009155273

	
118
	
49.4300003051758

	
119
	
49.2599983215332

	
120
	
49.0900001525879

	
121
	
48.9300003051758

	
122
	
48.7700004577637

	
123
	
48.5699996948242

	
124
	
48.3199996948242

	
125
	
48.0800018310547

	
126
	
47.8400001525879

	
127
	
47.5200004577637

	
128
	
47.310001373291

	
129
	
47.1199989318848

	
130
	
46.9599990844727



	131
	46.8600006103516

	
132
	
46.8300018310547

	
133
	
46.8300018310547

	
134
	
46.8400001525879

	
135
	
46.8600006103516

	
136
	
46.8699989318848

	
137
	
46.8899993896484

	
138
	
46.9199981689453

	
139
	
46.9799995422363

	
140
	
47.0900001525879

	
141
	
47.189998626709

	
142
	
47.4199981689453

	
143
	
47.7200012207031

	
144
	
48.060001373291

	
145
	
48.3600006103516

	
146
	
48.6199989318848

	
147
	
48.8600006103516

	
148
	
49.1199989318848

	
149
	
49.3699989318848

	
150
	
49.5900001525879

	
151
	
49.7000007629395

	
152
	
49.689998626709



	153
	49.5699996948242

	
154
	
49.4300003051758

	
155
	
49.3199996948242

	
156
	
49.2400016784668

	
157
	
49.1199989318848

	
158
	
48.9700012207031

	
159
	
48.7999992370605

	
160
	
48.6300010681152

	
161
	
48.4599990844727

	
162
	
48.3300018310547

	
163
	
48.1800003051758

	
164
	
48.0499992370605

	
165
	
47.9500007629395

	
166
	
47.8699989318848

	
167
	
47.8499984741211

	
168
	
47.8499984741211

	
169
	
47.8400001525879

	
170
	
47.8199996948242

	
171
	
47.810001373291

	
172
	
47.8199996948242

	
173
	
47.8499984741211

	
174
	
47.9099998474121



	175
	47.9799995422363

	
176
	
48.0200004577637

	
177
	
48.0800018310547

	
178
	
48.1199989318848

	
179
	
48.1800003051758

	
180
	
48.2400016784668

	
181
	
48.3199996948242

	
182
	
48.4199981689453

	
183
	
48.4599990844727

	
184
	
48.4700012207031

	
185
	
48.4700012207031

	
186
	
48.4900016784668

	
187
	
48.5299987792969

	
188
	
48.5900001525879

	
189
	
48.6300010681152

	
190
	
48.6699981689453

	
191
	
48.7099990844727

	
192
	
48.7299995422363

	
193
	
48.7400016784668

	
194
	
48.7599983215332

	
195
	
48.7700004577637

	
196
	
48.7700004577637



	197
	48.7700004577637

	
198
	
48.7700004577637

	
199
	
48.75

	
200
	
48.7200012207031

	
201
	
48.6599998474121

	
202
	
48.5999984741211



A1.3. Thermal conductivity raw data for marble mix at 20 %


t/[min] lambda/[mW/(m*K)]


1	21.8600006103516


2	22.9799995422363


3	24.1200008392334


4	25.3099994659424


5	26.5100002288818


6	27.6399993896484


7	28.6499996185303


8	29.4599990844727


9	30.1399993896484


10	30.7600002288818


11	31.3500003814697


12	31.8999996185303


13	32.4199981689453


14	32.9099998474121


15	33.3800010681152


16	33.810001373291


17	34.2400016784668


18	34.6599998474121


19	35.0699996948242


20	35.4900016784668

	21
	35.9099998474121

	
22
	
36.3400001525879

	
23
	
36.7400016784668

	
24
	
37.1500015258789

	
25
	
37.5800018310547

	
26
	
38.0200004577637

	
27
	
38.4500007629395

	
28
	
38.9000015258789

	
29
	
39.3300018310547

	
30
	
39.7400016784668

	
31
	
40.1199989318848

	
32
	
40.4799995422363

	
33
	
40.8600006103516

	
34
	
41.2299995422363

	
35
	
41.5900001525879

	
36
	
41.9099998474121

	
37
	
42.2099990844727

	
38
	
42.5099983215332

	
39
	
42.810001373291

	
40
	
43.1100006103516

	
41
	
43.4099998474121

	
42
	
43.7099990844727



	43
	44

	
44
	
44.2900009155273

	
45
	
44.5699996948242

	
46
	
44.8600006103516

	
47
	
45.1699981689453

	
48
	
45.4700012207031

	
49
	
45.7900009155273

	
50
	
46.1100006103516

	
51
	
46.4199981689453

	
52
	
46.7200012207031

	
53
	
47.0200004577637

	
54
	
47.310001373291

	
55
	
47.5999984741211

	
56
	
47.8899993896484

	
57
	
48.1800003051758

	
58
	
48.4700012207031

	
59
	
48.75

	
60
	
49.0200004577637

	
61
	
49.2900009155273

	
62
	
49.5400009155273

	
63
	
49.7999992370605

	
64
	
50.0299987792969



	65
	50.2400016784668

	
66
	
50.4599990844727

	
67
	
50.6500015258789

	
68
	
50.8499984741211

	
69
	
51.0299987792969

	
70
	
51.2099990844727

	
71
	
51.3699989318848

	
72
	
51.5299987792969

	
73
	
51.7000007629395

	
74
	
51.8699989318848

	
75
	
52.0400009155273

	
76
	
52.2099990844727

	
77
	
52.3800010681152

	
78
	
52.5499992370605

	
79
	
52.7200012207031

	
80
	
52.9000015258789

	
81
	
53.0900001525879

	
82
	
53.2700004577637

	
83
	
53.4599990844727

	
84
	
53.6500015258789

	
85
	
53.8300018310547

	
86
	
54.0099983215332



 (
180
)
	87
	54.1599998474121

	
88
	
54.310001373291

	
89
	
54.4599990844727

	
90
	
54.5900001525879

	
91
	
54.7299995422363

	
92
	
54.8499984741211

	
93
	
54.9700012207031

	
94
	
55.0999984741211

	
95
	
55.2200012207031

	
96
	
55.3400001525879

	
97
	
55.4599990844727

	
98
	
55.5999984741211

	
99
	
55.7299995422363

	
100
	
55.8499984741211

	
101
	
55.9799995422363

	
102
	
56.1199989318848

	
103
	
56.2599983215332

	
104
	
56.3899993896484

	
105
	
56.5099983215332

	
106
	
56.6300010681152

	
107
	
56.7400016784668

	
108
	
56.8600006103516



	109
	56.9700012207031

	
110
	
57.0800018310547

	
111
	
57.1800003051758

	
112
	
57.2700004577637

	
113
	
57.3600006103516

	
114
	
57.4599990844727

	
115
	
57.5499992370605

	
116
	
57.6399993896484

	
117
	
57.7400016784668

	
118
	
57.8300018310547

	
119
	
57.9099998474121

	
120
	
57.9900016784668

	
121
	
58.0800018310547

	
122
	
58.1599998474121

	
123
	
58.2400016784668

	
124
	
58.3300018310547

	
125
	
58.4000015258789

	
126
	
58.4700012207031

	
127
	
58.5400009155273

	
128
	
58.6199989318848

	
129
	
58.7000007629395

	
130
	
58.7799987792969



	131
	58.8699989318848

	
132
	
58.939998626709

	
133
	
59.0099983215332

	
134
	
59.0900001525879

	
135
	
59.1599998474121

	
136
	
59.2099990844727

	
137
	
59.2700004577637

	
138
	
59.310001373291

	
139
	
59.3499984741211

	
140
	
59.3800010681152

	
141
	
59.4199981689453

	
142
	
59.4500007629395

	
143
	
59.4799995422363

	
144
	
59.5099983215332

	
145
	
59.5299987792969

	
146
	
59.5699996948242

	
147
	
59.6100006103516

	
148
	
59.6500015258789

	
149
	
59.7000007629395

	
150
	
59.7299995422363

	
151
	
59.7799987792969

	
152
	
59.8199996948242



	153
	59.8600006103516

	
154
	
59.9099998474121

	
155
	
59.9799995422363

	
156
	
60.0400009155273

	
157
	
60.0999984741211

	
158
	
60.1599998474121

	
159
	
60.2200012207031

	
160
	
60.2999992370605

	
161
	
60.3600006103516

	
162
	
60.4300003051758

	
163
	
60.5

	
164
	
60.5699996948242

	
165
	
60.5999984741211

	
166
	
60.6500015258789

	
167
	
60.689998626709

	
168
	
60.7400016784668

	
169
	
60.7700004577637

	
170
	
60.7999992370605

	
171
	
60.8300018310547

	
172
	
60.8499984741211

	
173
	
60.8899993896484

	
174
	
60.9199981689453



	175
	60.9599990844727

	
176
	
61.0099983215332

	
177
	
61.0400009155273

	
178
	
61.0900001525879

	
179
	
61.1399993896484

	
180
	
61.1800003051758

	
181
	
61.2200012207031

	
182
	
61.2599983215332

	
183
	
61.2900009155273

	
184
	
61.3199996948242

	
185
	
61.3499984741211

	
186
	
61.3699989318848

	
187
	
61.4000015258789

	
188
	
61.4099998474121

	
189
	
61.4300003051758

	
190
	
61.4500007629395

	
191
	
61.4799995422363

	
192
	
61.5

	
193
	
61.5299987792969

	
194
	
61.5499992370605

	
195
	
61.5699996948242

	
196
	
61.5900001525879



	197
	61.6300010681152

	
198
	
61.6500015258789

	
199
	
61.6800003051758

	
200
	
61.7099990844727

	
201
	
61.7299995422363

	
202
	
61.7400016784668



A1.4. Thermal conductivity raw data for 60 % maize husk


t/[min] lambda/[mW/(m*K)]


1	131.229995727539


2	130.809997558594


3	130.330001831055


4	129.860000610352


5	129.490005493164


6	129.190002441406


7	128.970001220703


8	128.830001831055


9	128.729995727539


10	128.679992675781


11	128.679992675781


12	128.75


13	128.899993896484


14	129.050003051758


15	129.119995117188


16	129.160003662109


17	129.119995117188


18	129.070007324219


19	128.940002441406


20	128.779998779297

	21
	128.580001831055

	
22
	
128.360000610352

	
23
	
128.110000610352

	
24
	
127.849998474121

	
25
	
127.610000610352

	
26
	
127.430000305176

	
27
	
127.26000213623

	
28
	
127.180000305176

	
29
	
127.059997558594

	
30
	
127.019996643066

	
31
	
127

	
32
	
127.029998779297

	
33
	
127.120002746582

	
34
	
127.230003356934

	
35
	
127.379997253418

	
36
	
127.519996643066

	
37
	
127.669998168945

	
38
	
127.870002746582

	
39
	
128.070007324219

	
40
	
128.369995117188

	
41
	
128.740005493164

	
42
	
129.179992675781



	43
	129.690002441406

	
44
	
130.240005493164

	
45
	
130.809997558594

	
46
	
131.320007324219

	
47
	
131.779998779297

	
48
	
132.190002441406

	
49
	
132.479995727539

	
50
	
132.660003662109

	
51
	
132.740005493164

	
52
	
132.669998168945

	
53
	
132.479995727539

	
54
	
132.190002441406

	
55
	
131.809997558594

	
56
	
131.589996337891

	
57
	
131.080001831055

	
58
	
130.5

	
59
	
129.860000610352

	
60
	
129.220001220703

	
61
	
128.580001831055

	
62
	
127.980003356934

	
63
	
127.430000305176

	
64
	
126.949996948242



	65
	126.639999389648

	
66
	
126.480003356934

	
67
	
126.459999084473

	
68
	
126.589996337891

	
69
	
126.800003051758

	
70
	
127.129997253418

	
71
	
127.5

	
72
	
127.940002441406

	
73
	
128.360000610352

	
74
	
128.779998779297

	
75
	
129.130004882813

	
76
	
129.429992675781

	
77
	
129.699996948242

	
78
	
129.899993896484

	
79
	
130.009994506836

	
80
	
130.029998779297

	
81
	
130

	
82
	
129.910003662109

	
83
	
129.800003051758

	
84
	
129.669998168945

	
85
	
129.529998779297

	
86
	
129.449996948242



 (
190
)
	87
	129.360000610352

	
88
	
129.279998779297

	
89
	
129.229995727539

	
90
	
129.229995727539

	
91
	
129.210006713867

	
92
	
129.210006713867

	
93
	
129.190002441406

	
94
	
129.190002441406

	
95
	
129.210006713867

	
96
	
129.259994506836

	
97
	
129.279998779297

	
98
	
129.300003051758

	
99
	
129.279998779297

	
100
	
129.25

	
101
	
129.190002441406

	
102
	
129.139999389648

	
103
	
129.070007324219

	
104
	
128.979995727539

	
105
	
128.919998168945

	
106
	
128.869995117188

	
107
	
128.839996337891

	
108
	
128.880004882813



	109
	128.910003662109

	
110
	
129.020004272461

	
111
	
129.149993896484

	
112
	
129.350006103516

	
113
	
129.449996948242

	
114
	
129.729995727539

	
115
	
130.080001831055

	
116
	
130.419998168945

	
117
	
130.789993286133

	
118
	
131.119995117188

	
119
	
131.380004882813

	
120
	
131.619995117188

	
121
	
131.770004272461

	
122
	
131.880004882813

	
123
	
131.910003662109

	
124
	
131.899993896484

	
125
	
131.820007324219

	
126
	
131.720001220703

	
127
	
131.619995117188

	
128
	
131.529998779297

	
129
	
131.460006713867

	
130
	
131.380004882813



	131
	131.350006103516

	
132
	
131.330001831055

	
133
	
131.360000610352

	
134
	
131.410003662109

	
135
	
131.509994506836

	
136
	
131.630004882813

	
137
	
131.800003051758

	
138
	
131.889999389648

	
139
	
132.070007324219

	
140
	
132.270004272461

	
141
	
132.479995727539

	
142
	
132.660003662109

	
143
	
132.820007324219

	
144
	
132.929992675781

	
145
	
133.009994506836

	
146
	
133.029998779297

	
147
	
132.990005493164

	
148
	
132.940002441406

	
149
	
132.880004882813

	
150
	
132.720001220703

	
151
	
132.570007324219

	
152
	
132.460006713867



	153
	132.369995117188

	
154
	
132.330001831055

	
155
	
132.309997558594

	
156
	
132.279998779297

	
157
	
132.259994506836

	
158
	
132.240005493164

	
159
	
132.279998779297

	
160
	
132.309997558594

	
161
	
132.350006103516

	
162
	
132.419998168945

	
163
	
132.479995727539

	
164
	
132.520004272461

	
165
	
132.5

	
166
	
132.479995727539

	
167
	
132.460006713867

	
168
	
132.410003662109

	
169
	
132.339996337891

	
170
	
132.259994506836

	
171
	
132.190002441406

	
172
	
132.119995117188

	
173
	
132.080001831055

	
174
	
132.110000610352



	175
	132.130004882813

	
176
	
132.149993896484

	
177
	
132.240005493164

	
178
	
132.270004272461

	
179
	
132.369995117188

	
180
	
132.479995727539

	
181
	
132.589996337891

	
182
	
132.710006713867

	
183
	
132.809997558594

	
184
	
132.899993896484

	
185
	
132.949996948242

	
186
	
132.970001220703

	
187
	
132.970001220703

	
188
	
132.940002441406

	
189
	
132.899993896484

	
190
	
132.880004882813

	
191
	
132.860000610352

	
192
	
132.860000610352

	
193
	
132.899993896484

	
194
	
132.929992675781

	
195
	
133.020004272461

	
196
	
133.119995117188



	197
	133.229995727539

	
198
	
133.339996337891

	
199
	
133.429992675781

	
200
	
133.539993286133

	
201
	
133.649993896484

	
202
	
133.740005493164

	
203
	
133.809997558594



A1.5. Thermal conductivity raw data for 60 % cow dung


t/[min] lambda/[mW/(m*K)]


1	131.089996337891


2	130.559997558594


3	130.419998168945


4	130.429992675781


5	130.059997558594


6	129.929992675781


7	129.929992675781


8	129.869995117188


9	129.860000610352


10	129.490005493164


11	129.449996948242


12	129.429992675781


13	129.300003051758


14	128.850006103516


15	128.729995727539


16	128.610000610352


17	128.229995727539


18	128.210006713867


19	128.110000610352


20	127.650001525879

	21
	127.550003051758

	
22
	
127.51000213623

	
23
	
127.120002746582

	
24
	
127.029998779297

	
25
	
126.980003356934

	
26
	
126.949996948242

	
27
	
126.910003662109

	
28
	
126.830001831055

	
29
	
126.419998168945

	
30
	
126.330001831055

	
31
	
126.25

	
32
	
125.910003662109

	
33
	
125.860000610352

	
34
	
125.819999694824

	
35
	
125.779998779297

	
36
	
125.430000305176

	
37
	
125.339996337891

	
38
	
125.300003051758

	
39
	
125.279998779297

	
40
	
125.26000213623

	
41
	
125.279998779297

	
42
	
125.230003356934



	43
	125.150001525879

	
44
	
124.819999694824

	
45
	
124.76000213623

	
46
	
124.730003356934

	
47
	
124.669998168945

	
48
	
124.650001525879

	
49
	
124.360000610352

	
50
	
124.330001831055

	
51
	
124.309997558594

	
52
	
124.269996643066

	
53
	
124.209999084473

	
54
	
124.199996948242

	
55
	
124.190002441406

	
56
	
124.129997253418

	
57
	
123.800003051758

	
58
	
123.75

	
59
	
123.720001220703

	
60
	
123.690002441406

	
61
	
123.680000305176

	
62
	
123.669998168945

	
63
	
123.650001525879

	
64
	
123.620002746582



	65
	123.580001831055

	
66
	
123.559997558594

	
67
	
123.550003051758

	
68
	
123.230003356934

	
69
	
123.230003356934

	
70
	
123.209999084473

	
71
	
123.169998168945

	
72
	
123.139999389648

	
73
	
123.110000610352

	
74
	
123.110000610352

	
75
	
123.110000610352

	
76
	
123.089996337891

	
77
	
123.089996337891

	
78
	
123.099998474121

	
79
	
123.089996337891

	
80
	
123.089996337891

	
81
	
123.089996337891

	
82
	
123.069999694824

	
83
	
123.050003051758

	
84
	
123.029998779297

	
85
	
123.01000213623

	
86
	
122.709999084473



 (
200
)
	87
	122.650001525879

	
88
	
122.629997253418

	
89
	
122.599998474121

	
90
	
122.569999694824

	
91
	
122.559997558594

	
92
	
122.550003051758

	
93
	
122.550003051758

	
94
	
122.550003051758

	
95
	
122.51000213623

	
96
	
122.48999786377

	
97
	
122.51000213623

	
98
	
122.519996643066

	
99
	
122.5

	
100
	
122.48999786377

	
101
	
122.5

	
102
	
122.48999786377

	
103
	
122.48999786377

	
104
	
122.48999786377

	
105
	
122.48999786377

	
106
	
122.480003356934

	
107
	
122.48999786377

	
108
	
122.220001220703



	109
	122.470001220703

	
110
	
122.459999084473

	
111
	
122.190002441406

	
112
	
122.180000305176

	
113
	
122.160003662109

	
114
	
122.139999389648

	
115
	
122.129997253418

	
116
	
122.120002746582

	
117
	
122.110000610352

	
118
	
122.120002746582

	
119
	
122.089996337891

	
120
	
122.069999694824

	
121
	
122.120002746582

	
122
	
122.129997253418

	
123
	
122.120002746582

	
124
	
122.099998474121

	
125
	
122.089996337891

	
126
	
122.069999694824

	
127
	
122.099998474121

	
128
	
122.129997253418

	
129
	
122.080001831055

	
130
	
122.040000915527



	131
	122.029998779297

	
132
	
122.040000915527

	
133
	
122.029998779297

	
134
	
122.019996643066

	
135
	
122

	
136
	
121.980003356934

	
137
	
121.980003356934

	
138
	
121.970001220703

	
139
	
121.980003356934

	
140
	
121.970001220703

	
141
	
121.980003356934

	
142
	
121.980003356934

	
143
	
121.980003356934

	
144
	
121.980003356934

	
145
	
121.970001220703

	
146
	
121.970001220703

	
147
	
121.980003356934

	
148
	
121.970001220703

	
149
	
121.970001220703

	
150
	
121.970001220703

	
151
	
121.970001220703

	
152
	
121.959999084473



	153
	121.959999084473

	
154
	
121.959999084473

	
155
	
121.940002441406

	
156
	
121.680000305176

	
157
	
121.680000305176

	
158
	
121.930000305176

	
159
	
121.660003662109

	
160
	
121.660003662109

	
161
	
121.650001525879

	
162
	
121.629997253418

	
163
	
121.620002746582

	
164
	
121.620002746582

	
165
	
121.620002746582

	
166
	
121.620002746582

	
167
	
121.620002746582

	
168
	
121.620002746582

	
169
	
121.639999389648

	
170
	
121.629997253418

	
171
	
121.650001525879

	
172
	
121.660003662109

	
173
	
121.660003662109

	
174
	
121.660003662109



	175
	121.650001525879

	
176
	
121.650001525879

	
177
	
121.650001525879

	
178
	
121.660003662109

	
179
	
121.650001525879

	
180
	
121.639999389648

	
181
	
121.620002746582

	
182
	
121.629997253418

	
183
	
121.650001525879

	
184
	
121.650001525879

	
185
	
121.639999389648

	
186
	
121.650001525879

	
187
	
121.620002746582

	
188
	
121.610000610352

	
189
	
121.629997253418

	
190
	
121.629997253418

	
191
	
121.629997253418

	
192
	
121.629997253418

	
193
	
121.629997253418

	
194
	
121.629997253418

	
195
	
121.629997253418

	
196
	
121.629997253418



	197
	121.639999389648

	
198
	
121.629997253418

	
199
	
121.629997253418

	
200
	
121.629997253418

	
201
	
121.639999389648

	
202
	
121.639999389648

	
203
	
121.620002746582

	
204
	
121.639999389648



A1.6. Thermal conductivity raw data for 60 % millet


t/[min] lambda/[mW/(m*K)]


1	142.679992675781


2	142.149993896484


3	141.600006103516


4	141.160003662109


5	141.059997558594


6	140.710006713867


7	140.270004272461


8	139.869995117188


9	139.789993286133


10	139.490005493164


11	139.399993896484


12	139.029998779297


13	138.919998168945


14	138.589996337891


15	138.190002441406


16	138.050003051758


17	137.729995727539


18	137.589996337891


19	137.229995727539


20	136.880004882813

	21
	136.740005493164

	
22
	
136.449996948242

	
23
	
136.350006103516

	
24
	
136.029998779297

	
25
	
135.889999389648

	
26
	
135.559997558594

	
27
	
135.210006713867

	
28
	
134.830001831055

	
29
	
134.779998779297

	
30
	
134.509994506836

	
31
	
134.460006713867

	
32
	
134.169998168945

	
33
	
134.050003051758

	
34
	
133.800003051758

	
35
	
133.740005493164

	
36
	
133.470001220703

	
37
	
133.369995117188

	
38
	
133.339996337891

	
39
	
133.080001831055

	
40
	
133.020004272461

	
41
	
132.729995727539

	
42
	
132.630004882813



	43
	132.580001831055

	
44
	
132.320007324219

	
45
	
132.240005493164

	
46
	
132.009994506836

	
47
	
131.759994506836

	
48
	
131.660003662109

	
49
	
131.399993896484

	
50
	
131.330001831055

	
51
	
131.110000610352

	
52
	
131.089996337891

	
53
	
131.050003051758

	
54
	
131.020004272461

	
55
	
130.830001831055

	
56
	
130.800003051758

	
57
	
130.740005493164

	
58
	
130.529998779297

	
59
	
130.490005493164

	
60
	
130.440002441406

	
61
	
130.419998168945

	
62
	
130.240005493164

	
63
	
130.199996948242

	
64
	
129.990005493164



	65
	129.919998168945

	
66
	
129.899993896484

	
67
	
129.690002441406

	
68
	
129.619995117188

	
69
	
129.570007324219

	
70
	
129.380004882813

	
71
	
129.330001831055

	
72
	
129.149993896484

	
73
	
129.119995117188

	
74
	
129.100006103516

	
75
	
129.089996337891

	
76
	
129.089996337891

	
77
	
128.919998168945

	
78
	
128.880004882813

	
79
	
128.850006103516

	
80
	
128.830001831055

	
81
	
128.669998168945

	
82
	
128.630004882813

	
83
	
128.589996337891

	
84
	
128.559997558594

	
85
	
128.410003662109

	
86
	
128.369995117188



 (
210
)
	87
	128.350006103516

	
88
	
128.300003051758

	
89
	
128.139999389648

	
90
	
128.089996337891

	
91
	
127.940002441406

	
92
	
127.930000305176

	
93
	
127.940002441406

	
94
	
127.970001220703

	
95
	
127.98999786377

	
96
	
128.139999389648

	
97
	
128.160003662109

	
98
	
128.179992675781

	
99
	
128.199996948242

	
100
	
128.229995727539

	
101
	
128.25

	
102
	
128.279998779297

	
103
	
128.440002441406

	
104
	
128.490005493164

	
105
	
128.649993896484

	
106
	
128.669998168945

	
107
	
128.639999389648

	
108
	
128.639999389648



	109
	128.660003662109

	
110
	
128.639999389648

	
111
	
128.449996948242

	
112
	
128.449996948242

	
113
	
128.419998168945

	
114
	
128.399993896484

	
115
	
128.360000610352

	
116
	
128.330001831055

	
117
	
128.149993896484

	
118
	
127.959999084473

	
119
	
127.910003662109

	
120
	
127.870002746582

	
121
	
127.839996337891

	
122
	
127.699996948242

	
123
	
127.669998168945

	
124
	
127.650001525879

	
125
	
127.650001525879

	
126
	
127.620002746582

	
127
	
127.480003356934

	
128
	
127.459999084473

	
129
	
127.440002441406

	
130
	
127.440002441406



	131
	127.330001831055

	
132
	
127.290000915527

	
133
	
127.290000915527

	
134
	
127.25

	
135
	
127.220001220703

	
136
	
127.080001831055

	
137
	
127.069999694824

	
138
	
127.059997558594

	
139
	
127.080001831055

	
140
	
127.069999694824

	
141
	
127.050003051758

	
142
	
127.050003051758

	
143
	
127.069999694824

	
144
	
127.059997558594

	
145
	
127.059997558594

	
146
	
127.059997558594

	
147
	
127.069999694824

	
148
	
127.080001831055

	
149
	
127.080001831055

	
150
	
127.059997558594

	
151
	
127.050003051758

	
152
	
127.029998779297



	153
	127.029998779297

	
154
	
127.019996643066

	
155
	
126.919998168945

	
156
	
126.910003662109

	
157
	
126.910003662109

	
158
	
126.900001525879

	
159
	
126.889999389648

	
160
	
126.889999389648

	
161
	
126.879997253418

	
162
	
126.879997253418

	
163
	
126.870002746582

	
164
	
126.849998474121

	
165
	
126.849998474121

	
166
	
126.849998474121

	
167
	
126.849998474121

	
168
	
126.819999694824

	
169
	
126.830001831055

	
170
	
126.709999084473

	
171
	
126.709999084473

	
172
	
126.709999084473

	
173
	
126.709999084473

	
174
	
126.720001220703



	175
	126.709999084473

	
176
	
126.699996948242

	
177
	
126.709999084473

	
178
	
126.709999084473

	
179
	
126.720001220703

	
180
	
126.709999084473

	
181
	
126.720001220703

	
182
	
126.720001220703

	
183
	
126.709999084473

	
184
	
126.720001220703

	
185
	
126.730003356934

	
186
	
126.720001220703

	
187
	
126.720001220703

	
188
	
126.709999084473

	
189
	
126.699996948242

	
190
	
126.709999084473

	
191
	
126.709999084473

	
192
	
126.720001220703

	
193
	
126.720001220703

	
194
	
126.720001220703

	
195
	
126.699996948242

	
196
	
126.709999084473



	197
	126.699996948242

	
198
	
126.699996948242

	
199
	
126.709999084473

	
200
	
126.709999084473

	
201
	
126.709999084473

	
202
	
126.699996948242



A2.1 Raw data of Marble dust at 5% for Sample A

t/[min] lambda/[mW/(m*K)]



	1
	51.4799995422363

	2
	51.6800003051758

	3
	51.9199981689453

	4
	52.2400016784668

	5
	52.6199989318848

	6
	53.0499992370605

	7
	53.5200004577637

	8
	54

	9
	54.4900016784668

	10
	55.0200004577637

	11
	55.5800018310547

	12
	56.1800003051758

	13
	56.7299995422363

	14
	57.2299995422363

	15
	57.689998626709

	16
	58.1199989318848

	17
	58.5200004577637

	18
	58.9000015258789

	19
	59.2700004577637

	20
	59.5999984741211

	21
	59.9000015258789

	22
	60.1599998474121

	23
	60.4300003051758

	24
	60.6399993896484

	25
	60.8499984741211

	26
	61.0499992370605

	27
	61.2400016784668

	28
	61.4099998474121



	29
	61.5699996948242

	30
	61.7200012207031

	31
	61.8800010681152

	32
	62.0200004577637

	33
	62.1699981689453

	34
	62.310001373291

	35
	62.4500007629395

	36
	62.5900001525879

	37
	62.7400016784668

	38
	62.8699989318848

	39
	63.0200004577637

	40
	63.1599998474121

	41
	63.310001373291

	42
	63.4500007629395

	43
	63.5900001525879

	44
	63.7299995422363

	45
	63.8699989318848

	46
	64.0100021362305

	47
	64.1699981689453

	48
	64.3199996948242

	49
	64.4800033569336

	50
	64.6600036621094

	51
	64.8199996948242

	52
	65



 (
53
54
55
56
57
58
59
60
) (
6
5
.1
8
0
0
0
0
3
0
5
1
7
58
6
5
.3
6
0
0
0
0
6
1
0
3
5
16
6
5
.5
4
0
0
0
0
9
1
5
5
2
73
6
5
.7
0
9
9
9
9
0
8
4
4
7
27
6
5
.8
6
0
0
0
0
6
1
0
3
5
16
6
6
.0
1
9
9
9
6
6
4
3
0
6
64
6
6
.1
6
0
0
0
3
6
6
2
1
0
94
6
6
.3
0
0
0
0
3
0
5
1
7
5
78
) (
218
)
	61
	66.4199981689453

	62
	66.5400009155273

	63
	66.6399993896484

	64
	66.75

	65
	66.8399963378906

	66
	66.9400024414063

	67
	67.0599975585938

	68
	67.1699981689453

	69
	67.2900009155273

	70
	67.4000015258789

	71
	67.5

	72
	67.5999984741211

	73
	67.7099990844727

	74
	67.8000030517578

	75
	67.9000015258789

	76
	67.9700012207031

	77
	68.0400009155273

	78
	68.120002746582

	79
	68.1900024414063

	80
	68.2600021362305

	81
	68.3300018310547

	82
	68.4100036621094

	83
	68.4700012207031

	84
	68.5599975585938



 (
85
86
87
88
89
90
91
92
) (
6
8
.6
3
9
9
9
9
3
8
9
6
4
84
6
8
.7
2
0
0
0
1
2
2
0
7
0
31
6
8
.8
0
0
0
0
3
0
5
1
7
5
78
6
8
.8
8
9
9
9
9
3
8
9
6
4
84
6
8
.9
8
0
0
0
3
3
5
6
9
3
36
6
9
.0
5
0
0
0
3
0
5
1
7
5
78
6
9
.1
2
0
0
0
2
7
4
6
5
8
2
6
9
.1
8
0
0
0
0
3
0
5
1
7
58
) (
219
)
	93
	69.25

	94
	69.3199996948242

	95
	69.3899993896484

	96
	69.4599990844727

	97
	69.5500030517578

	98
	69.6500015258789

	99
	69.7699966430664

	100
	69.879997253418

	101
	69.9899978637695

	102
	70.1100006103516

	103
	70.2200012207031

	104
	70.3300018310547

	105
	70.4199981689453

	106
	70.5299987792969

	107
	70.5999984741211

	108
	70.6600036621094

	109
	70.7099990844727

	110
	70.7699966430664

	111
	70.8000030517578

	112
	70.8399963378906

	113
	70.9000015258789

	114
	70.9599990844727

	115
	71.0100021362305

	116
	71.0699996948242



 (
117
118
119
120
121
122
123
124
) (
7
1
.1
3
9
9
9
9
3
8
9
6
4
84
7
1
.2
0
9
9
9
9
0
8
4
4
7
27
7
1
.3
0
0
0
0
3
0
5
1
7
5
78
7
1
.3
7
0
0
0
2
7
4
6
5
8
2
7
1
.4
4
0
0
0
2
4
4
1
4
0
63
7
1
.5
7
1
.5
5
9
9
9
7
5
5
8
5
9
38
7
1
.5
9
9
9
9
8
4
7
4
1
2
11
) (
220
)
	125
	71.6600036621094

	126
	71.7099990844727

	127
	71.75

	128
	71.7900009155273

	129
	71.8399963378906

	130
	71.8899993896484

	131
	71.9300003051758

	132
	71.9899978637695

	133
	72.0599975585938

	134
	72.129997253418

	135
	72.1999969482422

	136
	72.2600021362305

	137
	72.3300018310547

	138
	72.3899993896484

	139
	72.4499969482422

	140
	72.5

	141
	72.5299987792969

	142
	72.5699996948242

	143
	72.6100006103516

	144
	72.620002746582

	145
	72.6399993896484

	146
	72.6800003051758

	147
	72.7099990844727

	148
	72.75



 (
149
150
151
152
153
154
155
156
) (
7
2
.7
7
9
9
9
8
7
7
9
2
9
69
7
2
.8
0
9
9
9
7
5
5
8
5
9
38
7
2
.8
4
9
9
9
8
4
7
4
1
2
11
7
2
.8
7
9
9
9
7
2
5
3
4
1
8
7
2
.9
3
0
0
0
0
3
0
5
1
7
58
7
2
.9
8
9
9
9
7
8
6
3
7
6
95
7
3
.0
2
9
9
9
8
7
7
9
2
9
69
7
3
.0
8
0
0
0
1
8
3
1
0
5
47
) (
221
)
	157
	73.120002746582

	158
	73.1500015258789

	159
	73.1800003051758

	160
	73.2200012207031

	161
	73.2399978637695

	162
	73.2699966430664

	163
	73.2799987792969

	164
	73.3000030517578

	165
	73.3099975585938

	166
	73.3199996948242

	167
	73.3199996948242

	168
	73.3199996948242

	169
	73.3300018310547

	170
	73.3300018310547

	171
	73.3399963378906

	172
	73.3499984741211

	173
	73.3300018310547

	174
	73.3099975585938

	175
	73.2900009155273

	176
	73.2699966430664

	177
	73.2399978637695

	178
	73.2099990844727

	179
	73.1600036621094

	180
	73.120002746582



 (
181
182
183
184
185
186
187
188
) (
7
3
.0
8
0
0
0
1
8
3
1
0
5
47
7
3
.0
2
9
9
9
8
7
7
9
2
9
69
7
2
.9
8
0
0
0
3
3
5
6
9
3
36
7
2
.9
3
0
0
0
0
3
0
5
1
7
58
7
2
.8
7
9
9
9
7
2
5
3
4
1
8
7
2
.7
9
0
0
0
0
9
1
5
5
2
73
7
2
.7
2
0
0
0
1
2
2
0
7
0
31
7
2
.6
6
0
0
0
3
6
6
2
1
0
94
) (
222
)
	189
	72.5800018310547

	190
	72.5199966430664

	191
	72.4300003051758

	192
	72.3600006103516

	193
	72.2699966430664

	194
	72.1900024414063

	195
	72.0999984741211

	196
	72.0199966430664

	197
	71.9599990844727

	198
	71.9100036621094

	199
	71.8600006103516

	200
	71.8199996948242

	201
	71.7900009155273

	202
	71.75



 (
223
)
A2.2 Raw data of Marble dust at 5% for Sample C

t/[min] lambda/[mW/(m*K)]



	1
	68.3499984741211

	2
	68.5500030517578

	3
	68.7699966430664

	4
	68.9899978637695

	5
	69.2300033569336

	6
	69.4599990844727

	7
	69.6800003051758

	8
	69.8899993896484

	9
	70.0999984741211

	10
	70.2900009155273

	11
	70.4499969482422

	12
	70.5999984741211

	13
	70.7300033569336

	14
	70.8499984741211

	15
	70.9599990844727

	16
	71.0699996948242

	17
	71.1500015258789

	18
	71.25

	19
	71.3399963378906

	20
	71.4300003051758

	21
	71.5199966430664

	22
	71.620002746582

	23
	71.7099990844727

	24
	71.7900009155273

	25
	71.879997253418

	26
	71.9800033569336

	27
	72.0599975585938

	28
	72.1399993896484



	29
	72.2200012207031

	30
	72.3000030517578

	31
	72.370002746582

	32
	72.4499969482422

	33
	72.5100021362305

	34
	72.5899963378906

	35
	72.6500015258789

	36
	72.7200012207031

	37
	72.7900009155273

	38
	72.8499984741211

	39
	72.9300003051758

	40
	73

	41
	73.0699996948242

	42
	73.1399993896484

	43
	73.1999969482422

	44
	73.2799987792969

	45
	73.3399963378906

	46
	73.3899993896484

	47
	73.4599990844727

	48
	73.5100021362305

	49
	73.5599975585938

	50
	73.5999984741211

	51
	73.6500015258789

	52
	73.6900024414063

	53
	73.7399978637695

	54
	73.7699966430664

	55
	73.8099975585938

	56
	73.8600006103516

	57
	73.9000015258789

	58
	73.9499969482422

	59
	74

	60
	74.0500030517578



	61
	74.1100006103516

	62
	74.1800003051758

	63
	74.2300033569336

	64
	74.2900009155273

	65
	74.3399963378906

	66
	74.4000015258789

	67
	74.4499969482422

	68
	74.4899978637695

	69
	74.5299987792969

	70
	74.5800018310547

	71
	74.620002746582

	72
	74.6600036621094

	73
	74.6999969482422

	74
	74.7399978637695

	75
	74.7699966430664

	76
	74.8199996948242

	77
	74.8600006103516

	78
	74.9000015258789

	79
	74.9300003051758

	80
	74.9700012207031

	81
	75

	82
	75.0400009155273

	83
	75.0699996948242

	84
	75.0999984741211



 (
85
86
87
88
89
90
91
92
) (
7
5
.1
3
9
9
9
9
3
8
9
6
4
84
7
5
.1
6
0
0
0
3
6
6
2
1
0
94
7
5
.1
9
0
0
0
2
4
4
1
4
0
63
75
.2
0
9
9
9
9
0
8
4
4
7
27
7
5
.2
3
9
9
9
7
8
6
3
7
6
95
7
5
.2
6
0
0
0
2
1
3
6
2
3
05
7
5
.2
9
0
0
0
0
9
1
5
5
2
73
7
5
.3
0
9
9
9
7
5
5
8
5
9
38
) (
2
2
6
)
	93
	75.3300018310547

	94
	75.3499984741211

	95
	75.370002746582

	96
	75.3899993896484

	97
	75.4100036621094

	98
	75.4300003051758

	99
	75.4499969482422

	100
	75.4800033569336

	101
	75.4899978637695

	102
	75.5199966430664

	103
	75.5400009155273

	104
	75.5699996948242

	105
	75.5899963378906

	106
	75.6100006103516

	107
	75.629997253418

	108
	75.6600036621094

	109
	75.6900024414063

	110
	75.7200012207031

	111
	75.7399978637695

	112
	75.7600021362305

	113
	75.7799987792969

	114
	75.8099975585938

	115
	75.8399963378906

	116
	75.870002746582



 (
117
118
119
120
121
122
123
124
) (
7
5
.9
0
0
0
0
1
5
2
5
8
7
89
7
5
.9
4
0
0
0
2
4
4
1
4
0
63
7
5
.9
7
0
0
0
1
2
2
0
7
0
31
76
.0
1
0
0
0
2
1
3
6
2
3
05
7
6
.0
5
9
9
9
7
5
5
8
5
9
38
7
6
.0
9
9
9
9
8
4
7
4
1
2
11
7
6
.1
2
9
9
9
7
2
5
3
4
1
8
7
6
.1
6
9
9
9
8
1
6
8
9
4
53
) (
2
2
7
)
	125
	76.2200012207031

	126
	76.25

	127
	76.2799987792969

	128
	76.3099975585938

	129
	76.3300018310547

	130
	76.3600006103516

	131
	76.370002746582

	132
	76.4000015258789

	133
	76.4199981689453

	134
	76.4300003051758

	135
	76.4499969482422

	136
	76.4599990844727

	137
	76.4800033569336

	138
	76.4899978637695

	139
	76.5

	140
	76.5100021362305

	141
	76.5299987792969

	142
	76.5299987792969

	143
	76.5400009155273

	144
	76.5500030517578

	145
	76.5500030517578

	146
	76.5599975585938

	147
	76.5699996948242

	148
	76.5800018310547



 (
149
150
151
152
153
154
155
156
) (
76
.5
8
0
0
0
1
8
3
1
0
5
47
7
6
.5
8
0
0
0
1
8
3
1
0
5
47
7
6
.5
8
9
9
9
6
3
3
7
8
9
06
7
6
.5
8
9
9
9
6
3
3
7
8
9
06
7
6
.5
9
9
9
9
8
4
7
4
1
2
11
7
6
.6
1
0
0
0
0
6
1
0
3
5
16
7
6
.6
2
0
0
0
2
7
4
6
5
8
2
7
6
.6
3
9
9
9
9
3
8
9
6
4
84
) (
2
2
8
)
	157
	76.6399993896484

	158
	76.6500015258789

	159
	76.6699981689453

	160
	76.6900024414063

	161
	76.7099990844727

	162
	76.7300033569336

	163
	76.75

	164
	76.7799987792969

	165
	76.8000030517578

	166
	76.8300018310547

	167
	76.8499984741211

	168
	76.879997253418

	169
	76.9000015258789

	170
	76.9300003051758

	171
	76.9499969482422

	172
	76.9899978637695

	173
	77.0199966430664

	174
	77.0400009155273

	175
	77.0800018310547

	176
	77.1100006103516

	177
	77.1399993896484

	178
	77.1600036621094

	179
	77.1900024414063

	180
	77.2200012207031
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77
.2
3
0
0
0
3
3
5
6
9
3
36
7
7
.25
7
7
.2
7
9
9
9
8
7
7
9
2
9
69
7
7
.3
0
0
0
0
3
0
5
1
7
5
78
7
7
.3
3
0
0
0
1
8
3
1
0
5
47
7
7
.3
3
9
9
9
6
3
3
7
8
9
06
7
7
.3
4
9
9
9
8
4
7
4
1
2
1
1
7
7
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7
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9
9
7
2
5
3
4
1
8
) (
2
2
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	189
	77.4000015258789

	190
	77.4199981689453

	191
	77.4300003051758

	192
	77.4599990844727

	193
	77.4700012207031

	194
	77.4899978637695

	195
	77.5100021362305

	196
	77.5100021362305

	197
	77.5199966430664

	198
	77.5299987792969

	199
	77.5500030517578

	200
	77.5500030517578

	201
	77.5699996948242

	202
	77.5899963378906



 (
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B.1 Welcome to ANSYS Fluent Release 18.2



Copyright 2017 SAS IP, Inc. All Rights Reserved. Unauthorized use, distribution or duplication is prohibited.
This product is subject to U.S. laws governing export and re-export. For full Legal Notice, see documentation.


Build Time: Jul 25 2017 20:05:41 Build Id: 10098



--------------------------------------------------------------

This is an academic version of ANSYS FLUENT. Usage of this product License is limited to the terms and conditions specified in your ANSYS License form, additional terms section.
--------------------------------------------------------------

Host spawning Node 0 on machine "Onjefu-PC" (win64). WARNING: No cached password or password provided. use '-pass' or '-cache' to provide password
mpid: mpid IP address 0.0.0.0, changed to IP address 127.0.0.1

Host 0 -- ip 127.0.0.1 -- ranks 0



host | 0

======|======

0 : SHM



Prot - All Intra-node communication is: SHM





------------------------------------------------------------------------------- ID Hostname Core O.S. PID Vendor
-------------------------------------------------------------------------------

n0 Onjefu-PC 1/4 Windows-x64 5264 Intel(R) Core(TM) i5-2450M

host Onjefu-PC Windows-x64 2788 Intel(R) Core(TM) i5-2450M



MPI Option Selected: ibmmpi

-------------------------------------------------------------------------------



The cleanup script file is C:\Users\Onjefu\cleanup-fluent-Onjefu-PC-2788.bat



Posting ANSYS Product Improvement Program startup data

Done.



> Multicore SMT processors were detected. Processor affinity set!

Reading	"C:\Users\Onjefu\AppData\Local\Temp\WB_ONJEFU- PC_Onjefu_1080_2\unsaved_project_files\dp0\FFF\MECH\FFF.msh"...
Buffering for file scan...



39777 nodes, binary.

36657 nodes, binary.

264 triangular wall faces, zone 1, binary.

7498 triangular wall faces, zone 2, binary.

136 quadrilateral interior faces, zone 3, binary.

136 quadrilateral interior faces, zone 4, binary.

12877 triangular interior faces, zone 5, binary.

97396 triangular interior faces, zone 6, binary.

546126 triangular interior faces, zone 7, binary.

3144 triangular wall faces, zone 15, binary.

2934 triangular wall faces, zone 16, binary.

2920 triangular wall faces, zone 17, binary.

3030 triangular wall faces, zone 18, binary.

3638 triangular wall faces, zone 19, binary.

3044 triangular wall faces, zone 20, binary.

44 triangular wall faces, zone 21, binary.

36 quadrilateral interface faces, zone 22, binary.

72 triangular interface faces, zone 23, binary.

190 quadrilateral interface faces, zone 24, binary.

154 quadrilateral interface faces, zone 25, binary.

1694 triangular interface faces, zone 26, binary.

21130 triangular interface faces, zone 27, binary.

186 triangular interface faces, zone 28, binary.

22810 triangular interface faces, zone 29, binary.

150 triangular interface faces, zone 30, binary.

77 hexahedral cells, zone 8, binary.

77 hexahedral cells, zone 9, binary.

6928 tetrahedral cells, zone 10, binary.

54045 tetrahedral cells, zone 11, binary.

285366 tetrahedral cells, zone 12, binary. Building...
mesh materials, interface, domains, zones,
Door-contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4-

contact_region_7-contact_region_5-contact_region_6-trg

Contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4- contact_region_7-contact_region_5-contact_region_6-trg-part_5
Contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4- contact_region_7-contact_region_5-contact_region_6-trg-part_4
Contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4-

contact_region_7-contact_region_5-contact_region_6-src-part_4

Contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4- contact_region_7-contact_region_5-contact_region_6-src-part_3
Contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4- contact_region_7-contact_region_5-contact_region_6-src-part_2

Contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4- contact_region_7-contact_region_5-contact_region_6-src-part_1
Contact_region_3-trg Contact_region_3-src window
Insulation north side east_side top
Southern side

Heated side part_5 part_4 part_3 part_2 part_1
interior-part_5

interior-part_4 interior-part_3 interior-part_2 interior-part_1 wall-part_5 wall-part_3 interior-14
wall-31 wall-32 interior-33 interior-34 interior-35 interior-36 interior-37 interior-38

interior-39 interior-40 interior-41 interior-42 interior-43 interior-44 wall-45 wall-46 wall-47 wall-48 wall-49 wall-50 wall-51
mesh interfaces,

parallel, Done.


Preparing mesh for display...

Note: zone-surface: cannot create a surface from the sliding interface zone. Creating empty surface.
Note: zone-surface: cannot create surface from sliding interface zone. Creating empty surface.
Note: zone-surface: cannot create surface from sliding interface zone. Creating empty surface.
Note: zone-surface: cannot create surface from sliding interface zone. Creating empty surface.
Note: zone-surface: cannot create surface from sliding interface zone. Creating empty surface.
Note: zone-surface: cannot create surface from sliding interface zone. Creating empty surface.
Note: zone-surface: cannot create surface from sliding interface zone. Creating an empty surface.

 (
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Note: zone-surface: cannot create a surface from the sliding interface zone. Creating an empty surface.
Note: zone-surface: cannot create a surface from the sliding interface zone. Creating an empty surface.
Done.



Writing	Settings	file	"C:\Users\Onjefu\AppData\Local\Temp\WB_ONJEFU- PC_Onjefu_1080_2\unsaved_project_files\dp0\FFF\Fluent\FFF.set"...
writing rp variables ... Done. writing domain variables ... Done.
writing part_1 (type fluid) (mixture) ... Done. writing part_2 (type fluid) (mixture) ... Done. writing part_3 (type fluid) (mixture) ... Done. writing part_4 (type fluid) (mixture) ... Done. writing part_5 (type fluid) (mixture) ... Done. writing wall-51 (type wall) (mixture) ... Done. writing wall-50 (type wall) (mixture) ... Done. writing wall-49 (type wall) (mixture) ... Done. writing wall-48 (type wall) (mixture) ... Done. writing wall-47 (type wall) (mixture) ... Done. writing wall-46 (type wall) (mixture) ... Done. writing wall-45 (type wall) (mixture) ... Done.
writing interior-44 (type interior) (mixture) ... Done.

writing interior-43 (type interior) (mixture) ... Done. writing interior-42 (type interior) (mixture) ... Done. writing interior-41 (type interior) (mixture) ... Done. writing interior-40 (type interior) (mixture) ... Done. writing interior-39 (type interior) (mixture) ... Done. writing interior-38 (type interior) (mixture) ... Done. writing interior-37 (type interior) (mixture) ... Done. writing interior-36 (type interior) (mixture) ... Done. writing interior-35 (type interior) (mixture) ... Done.

 (
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writing interior-34 (type interior) (mixture) ... Done. writing interior-33 (type interior) (mixture) ... Done. writing wall-32 (type wall) (mixture) ... Done.
writing wall-31 (type wall) (mixture) ... Done.

writing interior-14 (type interior) (mixture) ... Done. writing wall-part_3 (type wall) (mixture) ... Done. writing wall-part_5 (type wall) (mixture) ... Done.
writing interior-part_1 (type interior) (mixture) ... Done.

writing interior-part_2 (type interior) (mixture) ... Done. writing interior-part_3 (type interior) (mixture) ... Done. writing interior-part_4 (type interior) (mixture) ... Done. writing interior-part_5 (type interior) (mixture) ... Done. writing heated_side (type wall) (mixture) ... Done. writing southern_side (type wall) (mixture) ... Done. writing top (type wall) (mixture) ... Done.
writing east_side (type wall) (mixture) ... Done. writing north_side (type wall) (mixture) ... Done. writing insulation (type wall) (mixture) ... Done. writing window (type wall) (mixture) ... Done.
writing contact_region_3-src (type interface) (mixture) ... Done. writing contact_region_3-trg (type interface) (mixture) ... Done.
writing	contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4- contact_region_7-contact_region_5-contact_region_6-src-part_1 (type interface) (mixture) ... Done. writing	contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4- contact_region_7-contact_region_5-contact_region_6-src-part_2 (type interface) (mixture) ... Done. writing	contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4- contact_region_7-contact_region_5-contact_region_6-src-part_3 (type interface) (mixture) ... Done. writing	contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4- contact_region_7-contact_region_5-contact_region_6-src-part_4 (type interface) (mixture) ... Done. writing	contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4- contact_region_7-contact_region_5-contact_region_6-trg-part_4 (type interface) (mixture) ... Done.

writing	contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4- contact_region_7-contact_region_5-contact_region_6-trg-part_5 (type interface) (mixture) ... Done. writing		door-contact_region-contact_region_2-contact_region_4-contact_region_7- contact_region_4-contact_region_7-contact_region_5-contact_region_6-trg	(type	interface) (mixture) ... Done.
writing sliding-interface contact_region_3 ... Done

writing	sliding-interface	contact_region-contact_region_2-contact_region_4-contact_region_7- contact_region_4-contact_region_7-contact_region_5-contact_region_6 ... Done
writing zones map name-id ... Done.

Creating intersection zones for non-conformal interfaces ...done. Creating Surface Cluster...
Total Faces 30115, 30115 Surface Clusters created.

The number of surface clusters in the compute-node 0 is

30115

Writing "C:/Users/Onjefu/Desktop/27summer1.s2s"...

15494 nodes.

1637 mixed wall faces, zone 50.

150 mixed wall faces, zone 49.

154 mixed wall faces, zone 48.

154 mixed wall faces, zone 47.

1504 mixed wall faces, zone 46.

264 triangular wall faces, zone 1.

7498 triangular wall faces, zone 2.

3144 triangular wall faces, zone 15.

2934 triangular wall faces, zone 16.

2920 triangular wall faces, zone 17.

3030 triangular wall faces, zone 18.

3638 triangular wall faces, zone 19.

3044 triangular wall faces, zone 20.

44 triangular wall faces, zone 21.

1637 mixed wall faces, zone 50.

150 mixed wall faces, zone 49.

154 mixed wall faces, zone 48.

154 mixed wall faces, zone 47.

1504 mixed wall faces, zone 46.

264 triangular wall faces, zone 1.

7498 triangular wall faces, zone 2.

3144 triangular wall faces, zone 15.

2934 triangular wall faces, zone 16.

2920 triangular wall faces, zone 17.

3030 triangular wall faces, zone 18.

3638 triangular wall faces, zone 19.

3044 triangular wall faces, zone 20.

44 triangular wall faces, zone 21.



The number of radiating faces and radiating clusters in compute node 0 is

30115,30115

Done.



# Using MPI with 1 process...

# Using OpenMP with 1 thread per MPI process...

# 0 Onjefu-PC

# Read parameter section...

# Create BSP tree...

# Maximum tree depth = 19

# Calculate and write view factors...

# 100% done! Opening library "C:\PROGRA~1\ANSYSS~1\v182\fluent\fluent18.2.0/utility/raytracing/win64/librtp"... done. Linking to library symbols ...# CPU time: 28.249 (s)
# Wall time: 28 (s)

Reading "C:/Users/Onjefu/Desktop/27summer1.s2s"...

Reading radiating clusters (30115) and view factor values from

C:/Users/Onjefu/Desktop/27summer1.s2s...

 (
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Done.

The number of radiating surface clusters in the compute-node 0 is

30115



Initialized VF Storage



Completed 100% reading of view factors



The mesh has been modified.

Previously saved S2S files are incompatible and cannot be read.



warning: for compressible (ideal and real) gas models with buoyancy, it is recommended to use a specified operating density value of zero. GUI access: Cell Zone/Boundary Conditions -> Operating Conditions... TUI access: define operating-conditions operating-density?


warning: for compressible (ideal and real) gas models with buoyancy, it is recommended to use a specified operating density value of zero.


warning: for compressible (ideal and real) gas models with buoyancy, it is recommended to use a specified operating density value of zero.
Changing smoother type to ilu, post-sweeps to 3, coarsening group size to 8, max number of fixed cycles to 30 for scalar parameters.


Initialize using the hybrid initialization method.



Checking case topology...

-This case has no inlets & no outlets

-Case will be initialized with constant parameters



hybrid initialization is done.

Registering S2s, ("C:/Users/Onjefu/Desktop/27summer1.s2s")

 (
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Writing	Settings	file	"C:\Users\Onjefu\AppData\Local\Temp\WB_ONJEFU- PC_Onjefu_1080_2\unsaved_project_files\dp0\FFF\Fluent\FFF.set"...
writing rp variables ... Done. writing domain variables ... Done.
writing part_1 (type fluid) (mixture) ... Done. writing part_2 (type fluid) (mixture) ... Done. writing part_3 (type fluid) (mixture) ... Done. writing part_4 (type fluid) (mixture) ... Done. writing part_5 (type fluid) (mixture) ... Done. writing wall-51 (type wall) (mixture) ... Done. writing wall-50 (type wall) (mixture) ... Done. writing wall-49 (type wall) (mixture) ... Done. writing wall-48 (type wall) (mixture) ... Done. writing wall-47 (type wall) (mixture) ... Done. writing wall-46 (type wall) (mixture) ... Done. writing wall-45 (type wall) (mixture) ... Done.
writing interior-44 (type interior) (mixture) ... Done.

writing interior-43 (type interior) (mixture) ... Done. writing interior-42 (type interior) (mixture) ... Done. writing interior-41 (type interior) (mixture) ... Done. writing interior-40 (type interior) (mixture) ... Done. writing interior-39 (type interior) (mixture) ... Done. writing interior-38 (type interior) (mixture) ... Done. writing interior-37 (type interior) (mixture) ... Done. writing interior-36 (type interior) (mixture) ... Done. writing interior-35 (type interior) (mixture) ... Done. writing interior-34 (type interior) (mixture) ... Done. writing interior-33 (type interior) (mixture) ... Done. writing wall-32 (type wall) (mixture) ... Done.
writing wall-31 (type wall) (mixture) ... Done.

writing interior-14 (type interior) (mixture) ... Done. writing wall-part_3 (type wall) (mixture) ... Done.

 (
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writing wall-part_5 (type wall) (mixture) ... Done.

writing interior-part_1 (type interior) (mixture) ... Done. writing interior-part_2 (type interior) (mixture) ... Done. writing interior-part_3 (type interior) (mixture) ... Done. writing interior-part_4 (type interior) (mixture) ... Done. writing interior-part_5 (type interior) (mixture) ... Done. writing heated_side (type wall) (mixture) ... Done. writing southern_side (type wall) (mixture) ... Done. writing top (type wall) (mixture) ... Done.
writing east_side (type wall) (mixture) ... Done.

writing north_side (type wall) (mixture) ... Done. Writing insulation (type wall) (mixture) ... Done. Writing window (type wall) (mixture) ... Done.
writing contact_region_3-src (type interface) (mixture) ... Done. writing contact_region_3-trg (type interface) (mixture) ... Done.
writing	contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4- contact_region_7-contact_region_5-contact_region_6-src-part_1 (type interface) (mixture) ... Done. writing	contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4- contact_region_7-contact_region_5-contact_region_6-src-part_2 (type interface) (mixture) ... Done. writing	contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4- contact_region_7-contact_region_5-contact_region_6-src-part_3 (type interface) (mixture) ... Done. writing	contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4- contact_region_7-contact_region_5-contact_region_6-src-part_4 (type interface) (mixture) ... Done. writing	contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4- contact_region_7-contact_region_5-contact_region_6-trg-part_4 (type interface) (mixture) ... Done. writing	contact_region-contact_region_2-contact_region_4-contact_region_7-contact_region_4- contact_region_7-contact_region_5-contact_region_6-trg-part_5 (type interface) (mixture) ... Done. writing		door-contact_region-contact_region_2-contact_region_4-contact_region_7- contact_region_4-contact_region_7-contact_region_5-contact_region_6-trg	(type	interface) (mixture) ... Done.
writing sliding-interface contact_region_3 ... Done

writing	sliding-interface	contact_region-contact_region_2-contact_region_4-contact_region_7- contact_region_4-contact_region_7-contact_region_5-contact_region_6 ... Done
writing zones map name-id ... Done.



Writing "| gzip -2cf > FFF-Setup-Output.cas.gz"...

Writing temporary file C:\Users\Onjefu\AppData\Local\Temp\flntgz-27882 ...

77 hexahedral cells, zone 8, binary.

77 hexahedral cells, zone 9, binary.

6928 tetrahedral cells, zone 10, binary.

54045 tetrahedral cells, zone 11, binary.

285366 tetrahedral cells, zone 12, binary.

1637 mixed wall faces, zone 50, binary.

150 mixed wall faces, zone 49, binary.

154 mixed wall faces, zone 48, binary.

154 mixed wall faces, zone 47, binary.

1504 mixed wall faces, zone 46, binary.

72 mixed interior faces, zone 44, binary.

302 mixed interior faces, zone 38, binary.

117 mixed interior faces, zone 37, binary.

65783 mixed interior faces, zone 34, binary.

72 mixed interior faces, zone 14, binary.

264 triangular wall faces, zone 1, binary.

7498 triangular wall faces, zone 2, binary.

136 quadrilateral interior faces, zone 3, binary.

136 quadrilateral interior faces, zone 4, binary.

12877 triangular interior faces, zone 5, binary.

97396 triangular interior faces, zone 6, binary.

546126 triangular interior faces, zone 7, binary.

3144 triangular wall faces, zone 15, binary.

2934 triangular wall faces, zone 16, binary.

2920 triangular wall faces, zone 17, binary.

3030 triangular wall faces, zone 18, binary.

3638 triangular wall faces, zone 19, binary.

3044 triangular wall faces, zone 20, binary.

44 triangular wall faces, zone 21, binary.

36 quadrilateral interface faces, zone 22, binary.

72 triangular interface faces, zone 23, binary.

190 quadrilateral interface faces, zone 24, binary.

154 quadrilateral interface faces, zone 25, binary.

1694 triangular interface faces, zone 26, binary.

21130 triangular interface faces, zone 27, binary.

186 triangular interface faces, zone 28, binary.

22810 triangular interface faces, zone 29, binary.

150 triangular interface faces, zone 30, binary.

1637 wall parent pointers, zone 50, binary.

150 wall parent pointers, zone 49, binary.

154 wall parent pointers, zone 48, binary.

154 wall parent pointers, zone 47, binary.

1504 wall parent pointers, zone 46, binary.

72 interior parent pointers, zone 44, binary.

302 interior parent pointers, zone 38, binary.

117 interior parent pointers, zone 37, binary.

65783 interior parent pointers, zone 34, binary.

72 interior parent pointers, zone 14, binary.

1637 interface metric data, zone 50, binary.

150 interface metric data, zone 49, binary.

154 interface metric data, zone 48, binary.

154 interface metric data, zone 47, binary.

1504 interface metric data, zone 46, binary.

72 interface metric data, zone 44, binary.

302 interface metric data, zone 38, binary.

117 interface metric data, zone 37, binary.

65783 interface metric data, zone 34, binary.
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76434 nodes, binary.

76434 node flags, binary. Done.


iter continuity x-velocity y-velocity z-velocity energy time/iter

Radiosity converged after 3 iterations

Final radiosity residual = 1.595955e-06

1 0.0000e+00 0.0000e+00 4.3387e+01 0.0000e+00 4.0808e-06 0:59:51 399

2 1.0000e+00 1.0599e-01 1.4324e-01 1.0689e-01 1.3416e-05 0:53:04 398

3 6.2110e-01 9.2433e-02 1.4214e-01 9.3105e-02 1.5556e-05 0:47:38 397

4 4.6572e-01 6.6966e-02 8.2626e-02 6.7458e-02 2.1843e-05 0:43:18 396

5 3.7651e-01 6.7218e-02 7.9117e-02 6.7805e-02 2.2825e-05 0:39:49 395

6 2.6507e-01 5.0599e-02 6.8906e-02 5.0949e-02 2.5789e-05 0:35:43 394

7 2.1907e-01 4.9799e-02 9.3087e-02 5.0377e-02 3.3300e-05 0:33:44 393

8 2.1823e-01 6.8412e-02 1.7702e-01 6.9467e-02 5.2123e-05 0:32:09 392

9 2.3429e-01 1.2909e-01 3.6885e-01 1.3156e-01 6.4248e-05 0:30:52 391

Radiosity converged after 3 iterations

Final radiosity residual = 1.536456e-06

10 1.9785e-01 2.0556e-01 5.6568e-01 2.1000e-01 5.8566e-05 0:28:32 390

11 1.4875e-01 1.9709e-01 5.3856e-01 2.0266e-01 5.4944e-05 0:27:57 389 iter continuity x-velocity y-velocity z-velocity energy time/iter
12 1.1428e-01 1.0957e-01 3.0656e-01 1.1392e-01 4.9198e-05 0:27:29 388

13 8.7156e-02 6.7949e-02 2.0332e-01 7.2944e-02 4.4858e-05 0:27:05 387

14 6.8992e-02 5.0298e-02 1.2868e-01 5.4351e-02 4.1740e-05 0:26:46 386

15 5.5552e-02 4.1176e-02 8.0271e-02 4.3674e-02 4.1165e-05 0:26:29 385

16 4.5847e-02 3.7646e-02 5.2542e-02 3.8697e-02 4.2370e-05 0:26:15 384

17 3.8369e-02 3.6257e-02 5.0932e-02 3.6086e-02 4.6380e-05 0:26:03 383

18 3.2681e-02 3.7408e-02 7.8842e-02 3.6859e-02 4.7957e-05 0:25:53 382

19 2.6634e-02 3.6683e-02 1.0030e-01 3.5972e-02 5.3349e-05 0:25:44 381

Radiosity converged after 3 iterations

Final radiosity residual = 1.579984e-06
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21 1.8760e-02 4.3596e-02 1.6745e-01 4.5166e-02 6.7760e-05 0:24:13 379

22 1.5949e-02 4.8227e-02 2.0125e-01 5.2168e-02 6.9444e-05 0:24:22 378 iter continuity x-velocity y-velocity z-velocity energy time/iter
23 1.3582e-02 5.0658e-02 2.2145e-01 5.7126e-02 6.7327e-05 0:24:28 377

24 1.1365e-02 4.7898e-02 2.1380e-01 5.6884e-02 6.2956e-05 0:24:32 376

25 9.5575e-03 4.2197e-02 1.8081e-01 5.0821e-02 5.8583e-05 0:25:49 375

26 8.4979e-03 3.7813e-02 1.3863e-01 4.3290e-02 5.5490e-05 0:26:50 374

27 7.8321e-03 3.4672e-02 1.0290e-01 3.6827e-02 5.2704e-05 0:27:38 373

28 7.3354e-03 3.1978e-02 7.4118e-02 3.1570e-02 5.0219e-05 0:28:15 372

29 6.8406e-03 2.8730e-02 5.5127e-02 2.7380e-02 4.8676e-05 0:27:29 371

Radiosity converged after 3 iterations

Final radiosity residual = 1.556837e-06

30 6.1944e-03 2.5768e-02 4.7242e-02 2.3994e-02 4.8343e-05 0:28:06 370

31 5.6682e-03 2.3121e-02 4.4430e-02 2.1463e-02 4.8763e-05 0:27:20 369

32 5.1107e-03 2.0726e-02 4.2863e-02 1.9292e-02 4.6550e-05 0:26:43 368

33 4.6857e-03 1.8718e-02 4.1789e-02 1.7686e-02 4.5550e-05 0:26:12 367 iter continuity x-velocity y-velocity z-velocity energy time/iter
34 4.3259e-03 1.6973e-02 4.0576e-02 1.6375e-02 4.4893e-05 0:25:47 366

35 4.0511e-03 1.5478e-02 3.9317e-02 1.5352e-02 4.4350e-05 0:25:26 365

36 3.8083e-03 1.4181e-02 3.7696e-02 1.4429e-02 4.3938e-05 0:25:09 364

37 3.6072e-03 1.3111e-02 3.5829e-02 1.3609e-02 4.3610e-05 0:24:54 363

38 3.4422e-03 1.2227e-02 3.3759e-02 1.2869e-02 4.3413e-05 0:24:42 362

39 3.3169e-03 1.1506e-02 3.1619e-02 1.2202e-02 4.3304e-05 0:25:43 361

Radiosity converged after 3 iterations

Final radiosity residual = 1.648286e-06

40 3.2265e-03 1.0914e-02 2.9474e-02 1.1595e-02 4.3532e-05 0:25:19 360

41 3.1649e-03 1.0411e-02 2.7445e-02 1.1053e-02 4.4846e-05 0:24:59 359

42 3.1242e-03 9.9764e-03 2.5560e-02 1.0570e-02 4.3854e-05 0:24:42 358

43 3.0940e-03 9.6106e-03 2.3875e-02 1.0142e-02 4.3668e-05 0:24:28 357

44 3.0745e-03 9.2975e-03 2.2406e-02 9.7720e-03 4.3703e-05 0:24:16 356 iter continuity x-velocity y-velocity z-velocity energy time/iter
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46 3.0554e-03 8.8099e-03 2.0122e-02 9.1998e-03 4.3921e-05 0:23:56 354

47 3.0545e-03 8.6357e-03 1.9274e-02 8.9909e-03 4.4061e-05 0:23:48 353

48 3.0503e-03 8.4958e-03 1.8594e-02 8.8161e-03 4.4169e-05 0:23:41 352

49 3.0499e-03 8.3890e-03 1.8049e-02 8.6839e-03 4.4264e-05 0:23:34 351

Radiosity converged after 3 iterations

Final radiosity residual = 1.648502e-06

50 3.0515e-03 8.3173e-03 1.7619e-02 8.5877e-03 4.4432e-05 0:23:28 350

51 3.0582e-03 8.2715e-03 1.7294e-02 8.5174e-03 4.5488e-05 0:23:23 349

52 3.0709e-03 8.2459e-03 1.7033e-02 8.4694e-03 4.4897e-05 0:23:17 348

53 3.0872e-03 8.2363e-03 1.6837e-02 8.4345e-03 4.4810e-05 0:24:22 347

54 3.1057e-03 8.2436e-03 1.6672e-02 8.4110e-03 4.4846e-05 0:24:03 346

55 3.1253e-03 8.2585e-03 1.6529e-02 8.3990e-03 4.4934e-05 0:23:47 345 iter continuity x-velocity y-velocity z-velocity energy time/iter
56 3.1483e-03 8.2823e-03 1.6425e-02 8.3920e-03 4.5019e-05 0:23:33 344

57 3.1675e-03 8.3156e-03 1.6353e-02 8.3919e-03 4.5081e-05 0:23:22 343

58 3.1866e-03 8.3559e-03 1.6313e-02 8.4020e-03 4.5116e-05 0:23:12 342

59 3.2092e-03 8.4104e-03 1.6302e-02 8.4191e-03 4.5106e-05 0:23:03 341

Radiosity converged after 3 iterations

Final radiosity residual = 1.535961e-06

60 3.2356e-03 8.4700e-03 1.6311e-02 8.4374e-03 4.5072e-05 0:22:55 340

61 3.2649e-03 8.5370e-03 1.6340e-02 8.4617e-03 4.5532e-05 0:22:48 339

62 3.2930e-03 8.6061e-03 1.6379e-02 8.4813e-03 4.5050e-05 0:22:42 338

63 3.3185e-03 8.6775e-03 1.6437e-02 8.4987e-03 4.4839e-05 0:22:36 337

64 3.3496e-03 8.7548e-03 1.6495e-02 8.5156e-03 4.4693e-05 0:22:30 336

65 3.3791e-03 8.8311e-03 1.6564e-02 8.5470e-03 4.4541e-05 0:22:25 335

66 3.4014e-03 8.9080e-03 1.6634e-02 8.5893e-03 4.4375e-05 0:22:20 334 iter continuity x-velocity y-velocity z-velocity energy time/iter
67 3.4259e-03 8.9818e-03 1.6691e-02 8.6356e-03 4.4182e-05 0:22:15 333

68 3.4523e-03 9.0491e-03 1.6741e-02 8.6906e-03 4.3972e-05 0:23:17 332

69 3.4781e-03 9.1104e-03 1.6781e-02 8.7564e-03 4.3740e-05 0:22:59 331

Radiosity converged after 3 iterations

Final radiosity residual = 1.638689e-06

 (
2
4
7
)
70 3.5018e-03 9.1692e-03 1.6822e-02 8.8292e-03 4.3492e-05 0:22:44 330

71 3.5212e-03 9.2241e-03 1.6854e-02 8.9025e-03 4.3373e-05 0:22:31 329

72 3.5369e-03 9.2817e-03 1.6881e-02 8.9794e-03 4.2935e-05 0:22:20 328

73 3.5546e-03 9.3390e-03 1.6898e-02 9.0601e-03 4.2645e-05 0:22:10 327

74 3.5689e-03 9.4001e-03 1.6910e-02 9.1439e-03 4.2336e-05 0:22:02 326

75 3.5802e-03 9.4649e-03 1.6914e-02 9.2284e-03 4.1988e-05 0:21:54 325

76 3.5863e-03 9.5322e-03 1.6931e-02 9.3116e-03 4.1642e-05 0:21:47 324

77 3.5896e-03 9.5995e-03 1.6954e-02 9.3933e-03 4.1289e-05 0:21:41 323 iter continuity x-velocity y-velocity z-velocity energy time/iter
78 3.5953e-03 9.6675e-03 1.6977e-02 9.4753e-03 4.0946e-05 0:21:35 322

79 3.5984e-03 9.7365e-03 1.7006e-02 9.5545e-03 4.0590e-05 0:21:30 321

Radiosity converged after 3 iterations

Final radiosity residual = 1.602222e-06

80 3.5980e-03 9.8054e-03 1.7042e-02 9.6377e-03 4.0253e-05 0:21:25 320

81 3.5970e-03 9.8756e-03 1.7082e-02 9.7254e-03 3.9855e-05 0:22:23 319

82 3.5973e-03 9.9502e-03 1.7119e-02 9.8086e-03 3.9489e-05 0:22:06 318

83 3.5992e-03 1.0022e-02 1.7153e-02 9.8934e-03 3.9129e-05 0:21:51 317

84 3.5994e-03 1.0091e-02 1.7178e-02 9.9755e-03 3.8796e-05 0:21:38 316

85 3.5952e-03 1.0159e-02 1.7196e-02 1.0052e-02 3.8450e-05 0:21:27 315

86 3.5916e-03 1.0231e-02 1.7212e-02 1.0130e-02 3.8114e-05 0:21:18 314

87 3.5830e-03 1.0301e-02 1.7225e-02 1.0207e-02 3.7776e-05 0:21:09 313

88 3.5761e-03 1.0376e-02 1.7235e-02 1.0285e-02 3.7469e-05 0:21:02 312 iter continuity x-velocity y-velocity z-velocity energy time/iter
89 3.5686e-03 1.0443e-02 1.7239e-02 1.0361e-02 3.7173e-05 0:20:55 311

Radiosity converged after 3 iterations

Final radiosity residual = 1.596996e-06

90 3.5550e-03 1.0500e-02 1.7246e-02 1.0431e-02 3.6863e-05 0:20:49 310

91 3.5478e-03 1.0555e-02 1.7254e-02 1.0496e-02 3.6569e-05 0:20:43 309

92 3.5403e-03 1.0607e-02 1.7253e-02 1.0561e-02 3.6278e-05 0:20:38 308

93 3.5291e-03 1.0647e-02 1.7252e-02 1.0613e-02 3.5999e-05 0:21:34 307

94 3.5175e-03 1.0692e-02 1.7259e-02 1.0651e-02 3.5715e-05 0:21:17 306

95 3.5039e-03 1.0731e-02 1.7262e-02 1.0683e-02 3.5455e-05 0:21:02 305

 (
2
4
8
)
96 3.4870e-03 1.0759e-02 1.7277e-02 1.0711e-02 3.5219e-05 0:20:49 304

97 3.4700e-03 1.0784e-02 1.7296e-02 1.0733e-02 3.4992e-05 0:20:39 303

98 3.4515e-03 1.0807e-02 1.7314e-02 1.0752e-02 3.4753e-05 0:20:29 302

99 3.4331e-03 1.0826e-02 1.7337e-02 1.0768e-02 3.4488e-05 0:20:21 301

Radiosity converged after 3 iterations

Final radiosity residual = 1.732350e-06

iter continuity x-velocity y-velocity z-velocity energy time/iter

100 3.4163e-03 1.0836e-02 1.7378e-02 1.0786e-02 3.4247e-05 0:20:13 300

101 3.4012e-03 1.0852e-02 1.7415e-02 1.0803e-02 3.3986e-05 0:20:07 299

102 3.3830e-03 1.0875e-02 1.7457e-02 1.0824e-02 3.3811e-05 0:20:01 298

103 3.3627e-03 1.0901e-02 1.7489e-02 1.0840e-02 3.3632e-05 0:19:55 297

104 3.3423e-03 1.0933e-02 1.7514e-02 1.0858e-02 3.3457e-05 0:19:49 296

105 3.3205e-03 1.0962e-02 1.7540e-02 1.0876e-02 3.3321e-05 0:19:44 295

106 3.3015e-03 1.0992e-02 1.7569e-02 1.0899e-02 3.3209e-05 0:19:39 294

107 3.2830e-03 1.1029e-02 1.7602e-02 1.0920e-02 3.3079e-05 0:20:33 293

108 3.2660e-03 1.1066e-02 1.7640e-02 1.0944e-02 3.2949e-05 0:20:17 292

109 3.2494e-03 1.1103e-02 1.7686e-02 1.0966e-02 3.2842e-05 0:20:03 291

Radiosity converged after 3 iterations

Final radiosity residual = 1.641389e-06

110 3.2304e-03 1.1146e-02 1.7733e-02 1.0987e-02 3.2773e-05 0:19:51 290 iter continuity x-velocity y-velocity z-velocity energy time/iter
111 3.2099e-03 1.1183e-02 1.7784e-02 1.1015e-02 3.2673e-05 0:19:41 289

112 3.1870e-03 1.1221e-02 1.7840e-02 1.1048e-02 3.2626e-05 0:19:32 288

113 3.1672e-03 1.1258e-02 1.7896e-02 1.1086e-02 3.2594e-05 0:19:24 287

114 3.1495e-03 1.1297e-02 1.7953e-02 1.1129e-02 3.2557e-05 0:19:17 286

115 3.1298e-03 1.1338e-02 1.8014e-02 1.1177e-02 3.2510e-05 0:19:10 285

116 3.1133e-03 1.1380e-02 1.8076e-02 1.1230e-02 3.2435e-05 0:19:04 284

117 3.1010e-03 1.1420e-02 1.8141e-02 1.1283e-02 3.2353e-05 0:18:58 283

118 3.0871e-03 1.1463e-02 1.8216e-02 1.1337e-02 3.2282e-05 0:18:53 282

119 3.0688e-03 1.1503e-02 1.8293e-02 1.1400e-02 3.2233e-05 0:18:48 281

Radiosity converged after 3 iterations

Final radiosity residual = 1.663552e-06

 (
2
4
9
)
120 3.0516e-03 1.1539e-02 1.8370e-02 1.1466e-02 3.2236e-05 0:19:39 280

121 3.0362e-03 1.1579e-02 1.8450e-02 1.1534e-02 3.2188e-05 0:19:23 279 iter continuity x-velocity y-velocity z-velocity energy time/iter
122 3.0227e-03 1.1625e-02 1.8537e-02 1.1606e-02 3.2083e-05 0:19:10 278

123 3.0154e-03 1.1674e-02 1.8625e-02 1.1689e-02 3.2033e-05 0:18:58 277

124 3.0061e-03 1.1723e-02 1.8702e-02 1.1771e-02 3.2024e-05 0:18:48 276

125 2.9939e-03 1.1777e-02 1.8780e-02 1.1849e-02 3.1994e-05 0:18:39 275

126 2.9822e-03 1.1826e-02 1.8862e-02 1.1923e-02 3.1965e-05 0:18:31 274

127 2.9674e-03 1.1883e-02 1.8940e-02 1.1994e-02 3.1924e-05 0:18:24 273

128 2.9530e-03 1.1939e-02 1.9027e-02 1.2060e-02 3.1902e-05 0:18:18 272

129 2.9404e-03 1.1992e-02 1.9096e-02 1.2130e-02 3.1901e-05 0:18:12 271

Radiosity converged after 3 iterations

Final radiosity residual = 1.636573e-06

130 2.9301e-03 1.2048e-02 1.9156e-02 1.2195e-02 3.1960e-05 0:18:06 270

131 2.9202e-03 1.2104e-02 1.9196e-02 1.2263e-02 3.1948e-05 0:18:01 269

132 2.9103e-03 1.2161e-02 1.9250e-02 1.2328e-02 3.1847e-05 0:17:56 268 iter continuity x-velocity y-velocity z-velocity energy time/iter
133 2.9000e-03 1.2219e-02 1.9303e-02 1.2388e-02 3.1830e-05 0:17:51 267

134 2.8872e-03 1.2269e-02 1.9346e-02 1.2442e-02 3.1829e-05 0:17:46 266

135 2.8749e-03 1.2312e-02 1.9377e-02 1.2494e-02 3.1823e-05 0:18:35 265

136 2.8644e-03 1.2352e-02 1.9402e-02 1.2542e-02 3.1812e-05 0:18:20 264

137 2.8520e-03 1.2386e-02 1.9416e-02 1.2591e-02 3.1815e-05 0:18:07 263

138 2.8408e-03 1.2413e-02 1.9415e-02 1.2626e-02 3.1824e-05 0:17:56 262

139 2.8291e-03 1.2430e-02 1.9410e-02 1.2653e-02 3.1838e-05 0:17:46 261

Radiosity converged after 3 iterations

Final radiosity residual = 1.614257e-06

140 2.8165e-03 1.2445e-02 1.9415e-02 1.2672e-02 3.1900e-05 0:17:38 260

141 2.8039e-03 1.2457e-02 1.9410e-02 1.2688e-02 3.1884e-05 0:17:30 259

142 2.7883e-03 1.2465e-02 1.9408e-02 1.2692e-02 3.1881e-05 0:17:23 258

143 2.7717e-03 1.2464e-02 1.9404e-02 1.2689e-02 3.1892e-05 0:17:17 257 iter continuity x-velocity y-velocity z-velocity energy time/iter
144 2.7560e-03 1.2463e-02 1.9392e-02 1.2692e-02 3.1892e-05 0:17:11 256

 (
2
5
0
)
145 2.7402e-03 1.2458e-02 1.9365e-02 1.2694e-02 3.1889e-05 0:17:06 255

146 2.7217e-03 1.2442e-02 1.9336e-02 1.2693e-02 3.1871e-05 0:17:51 254

147 2.7026e-03 1.2429e-02 1.9303e-02 1.2692e-02 3.1853e-05 0:17:36 253

148 2.6838e-03 1.2413e-02 1.9269e-02 1.2690e-02 3.1842e-05 0:17:23 252

149 2.6658e-03 1.2391e-02 1.9233e-02 1.2684e-02 3.1815e-05 0:17:12 251

Radiosity converged after 3 iterations

Final radiosity residual = 1.661784e-06

150 2.6519e-03 1.2368e-02 1.9200e-02 1.2675e-02 3.1831e-05 0:17:02 250

151 2.6405e-03 1.2348e-02 1.9167e-02 1.2662e-02 3.1810e-05 0:16:54 249

152 2.6257e-03 1.2327e-02 1.9145e-02 1.2648e-02 3.1724e-05 0:16:46 248

153 2.6114e-03 1.2307e-02 1.9130e-02 1.2632e-02 3.1683e-05 0:16:39 247

154 2.6009e-03 1.2291e-02 1.9120e-02 1.2615e-02 3.1680e-05 0:16:33 246 iter continuity x-velocity y-velocity z-velocity energy time/iter
155 2.5918e-03 1.2276e-02 1.9111e-02 1.2591e-02 3.1660e-05 0:16:27 245

156 2.5780e-03 1.2259e-02 1.9099e-02 1.2563e-02 3.1623e-05 0:16:22 244

157 2.5683e-03 1.2244e-02 1.9092e-02 1.2537e-02 3.1557e-05 0:16:17 243

158 2.5586e-03 1.2228e-02 1.9077e-02 1.2512e-02 3.1504e-05 0:17:00 242

159 2.5473e-03 1.2211e-02 1.9069e-02 1.2477e-02 3.1456e-05 0:16:45 241

Radiosity converged after 3 iterations

Final radiosity residual = 1.649527e-06

160 2.5352e-03 1.2191e-02 1.9055e-02 1.2442e-02 3.1455e-05 0:16:33 240

161 2.5241e-03 1.2167e-02 1.9045e-02 1.2406e-02 3.1397e-05 0:16:22 239

162 2.5097e-03 1.2143e-02 1.9038e-02 1.2373e-02 3.1271e-05 0:16:13 238

163 2.4931e-03 1.2113e-02 1.9029e-02 1.2338e-02 3.1195e-05 0:16:05 237

164 2.4753e-03 1.2085e-02 1.9022e-02 1.2296e-02 3.1118e-05 0:15:57 236

165 2.4569e-03 1.2061e-02 1.9012e-02 1.2252e-02 3.1033e-05 0:15:51 235 iter continuity x-velocity y-velocity z-velocity energy time/iter
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Final radiosity residual = 1.601468e-06

170 2.3874e-03 1.1946e-02 1.8912e-02 1.2038e-02 3.0494e-05 0:16:00 230

171 2.3735e-03 1.1929e-02 1.8888e-02 1.1988e-02 3.0307e-05 0:15:48 229

172 2.3576e-03 1.1909e-02 1.8873e-02 1.1940e-02 3.0116e-05 0:15:38 228

173 2.3435e-03 1.1888e-02 1.8856e-02 1.1903e-02 2.9953e-05 0:15:28 227

174 2.3282e-03 1.1871e-02 1.8832e-02 1.1869e-02 2.9785e-05 0:15:20 226

175 2.3127e-03 1.1851e-02 1.8811e-02 1.1840e-02 2.9609e-05 0:15:13 225

176 2.2971e-03 1.1840e-02 1.8798e-02 1.1819e-02 2.9434e-05 0:15:06 224 iter continuity x-velocity y-velocity z-velocity energy time/iter
177 2.2820e-03 1.1829e-02 1.8781e-02 1.1793e-02 2.9255e-05 0:15:00 223

178 2.2694e-03 1.1824e-02 1.8758e-02 1.1773e-02 2.9074e-05 0:14:55 222

179 2.2558e-03 1.1819e-02 1.8748e-02 1.1752e-02 2.8900e-05 0:14:49 221

Radiosity converged after 3 iterations

Final radiosity residual = 1.597548e-06

180 2.2427e-03 1.1821e-02 1.8735e-02 1.1731e-02 2.8784e-05 0:14:44 220

181 2.2304e-03 1.1820e-02 1.8727e-02 1.1706e-02 2.8609e-05 0:14:39 219

182 2.2211e-03 1.1818e-02 1.8706e-02 1.1678e-02 2.8429e-05 0:14:35 218

183 2.2109e-03 1.1809e-02 1.8687e-02 1.1647e-02 2.8296e-05 0:15:13 217

184 2.2000e-03 1.1800e-02 1.8670e-02 1.1613e-02 2.8145e-05 0:15:00 216

185 2.1906e-03 1.1791e-02 1.8646e-02 1.1578e-02 2.7995e-05 0:14:49 215

186 2.1811e-03 1.1776e-02 1.8628e-02 1.1536e-02 2.7849e-05 0:14:39 214

187 2.1715e-03 1.1756e-02 1.8615e-02 1.1496e-02 2.7707e-05 0:14:30 213 iter continuity x-velocity y-velocity z-velocity energy time/iter
188 2.1600e-03 1.1729e-02 1.8592e-02 1.1462e-02 2.7562e-05 0:14:23 212

189 2.1459e-03 1.1703e-02 1.8563e-02 1.1427e-02 2.7433e-05 0:14:16 211

Radiosity converged after 3 iterations

Final radiosity residual = 1.632020e-06
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195 2.0766e-03 1.1488e-02 1.8293e-02 1.1240e-02 2.6673e-05 0:13:43 205

196 2.0638e-03 1.1450e-02 1.8261e-02 1.1209e-02 2.6538e-05 0:14:19 204

197 2.0527e-03 1.1413e-02 1.8231e-02 1.1180e-02 2.6408e-05 0:14:06 203

198 2.0426e-03 1.1371e-02 1.8199e-02 1.1150e-02 2.6216e-05 0:13:15 202 iter continuity x-velocity y-velocity z-velocity energy time/iter
199 2.0413e-03 1.1300e-02 1.8206e-02 1.1098e-02 2.6104e-05 0:13:14 201

Radiosity converged after 3 iterations

Final radiosity residual = 1.617127e-06

200 2.0221e-03 1.1275e-02 1.8134e-02 1.1093e-02 2.6058e-05 0:13:12 200

201 2.0130e-03 1.1234e-02 1.8076e-02 1.1075e-02 2.5965e-05 0:13:49 199

202 2.0025e-03 1.1196e-02 1.8028e-02 1.1059e-02 2.5820e-05 0:13:38 198

203 1.9922e-03 1.1161e-02 1.7974e-02 1.1043e-02 2.5740e-05 0:13:29 197

204 1.9792e-03 1.1132e-02 1.7912e-02 1.1025e-02 2.5664e-05 0:13:21 196

205 1.9684e-03 1.1102e-02 1.7843e-02 1.1005e-02 2.5509e-05 0:12:34 195

206 1.9659e-03 1.1048e-02 1.7831e-02 1.0963e-02 2.5452e-05 0:12:36 194

207 1.9462e-03 1.1036e-02 1.7746e-02 1.0967e-02 2.5396e-05 0:13:14 193

208 1.9357e-03 1.1010e-02 1.7685e-02 1.0951e-02 2.5326e-05 0:13:06 192

209 1.9266e-03 1.0989e-02 1.7629e-02 1.0931e-02 2.5259e-05 0:12:58 191

Radiosity converged after 3 iterations

Final radiosity residual = 1.580432e-06

iter continuity x-velocity y-velocity z-velocity energy time/iter

210 1.9152e-03 1.0974e-02 1.7581e-02 1.0913e-02 2.5249e-05 0:12:51 190

211 1.9018e-03 1.0956e-02 1.7546e-02 1.0894e-02 2.5113e-05 0:12:45 189

212 1.9009e-03 1.0919e-02 1.7565e-02 1.0848e-02 2.5035e-05 0:12:39 188

213 1.8825e-03 1.0916e-02 1.7503e-02 1.0845e-02 2.4984e-05 0:12:34 187

214 1.8714e-03 1.0895e-02 1.7450e-02 1.0825e-02 2.4855e-05 0:11:51 186

215 1.8673e-03 1.0852e-02 1.7458e-02 1.0776e-02 2.4815e-05 0:11:54 185
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Final radiosity residual = 1.584302e-06

220 1.8091e-03 1.0797e-02 1.7238e-02 1.0655e-02 2.4570e-05 0:11:52 180 iter continuity x-velocity y-velocity z-velocity energy time/iter
221 1.7995e-03 1.0781e-02 1.7201e-02 1.0631e-02 2.4440e-05 0:11:49 179

222 1.7987e-03 1.0749e-02 1.7223e-02 1.0585e-02 2.4341e-05 0:11:47 178

223 1.7826e-03 1.0759e-02 1.7172e-02 1.0588e-02 2.4275e-05 0:11:44 177

224 1.7752e-03 1.0753e-02 1.7146e-02 1.0577e-02 2.4223e-05 0:11:41 176

225 1.7650e-03 1.0741e-02 1.7130e-02 1.0562e-02 2.4113e-05 0:11:37 175

226 1.7645e-03 1.0714e-02 1.7164e-02 1.0528e-02 2.4084e-05 0:11:34 174

227 1.7501e-03 1.0718e-02 1.7125e-02 1.0541e-02 2.4052e-05 0:11:30 173

228 1.7432e-03 1.0704e-02 1.7104e-02 1.0536e-02 2.4035e-05 0:11:27 172

229 1.7371e-03 1.0686e-02 1.7089e-02 1.0528e-02 2.4023e-05 0:11:23 171

Radiosity converged after 3 iterations

Final radiosity residual = 1.676636e-06

230 1.7331e-03 1.0672e-02 1.7066e-02 1.0523e-02 2.3995e-05 0:11:19 170

231 1.7344e-03 1.0637e-02 1.7092e-02 1.0495e-02 2.3994e-05 0:11:15 169 iter continuity x-velocity y-velocity z-velocity energy time/iter
232 1.7203e-03 1.0636e-02 1.7045e-02 1.0510e-02 2.3922e-05 0:11:11 168

233 1.7145e-03 1.0622e-02 1.7016e-02 1.0509e-02 2.3792e-05 0:11:08 167

234 1.7143e-03 1.0589e-02 1.7053e-02 1.0478e-02 2.3776e-05 0:11:04 166

235 1.7014e-03 1.0594e-02 1.7009e-02 1.0485e-02 2.3740e-05 0:11:00 165

236 1.6940e-03 1.0583e-02 1.6976e-02 1.0472e-02 2.3599e-05 0:10:56 164

237 1.6936e-03 1.0551e-02 1.7008e-02 1.0432e-02 2.3557e-05 0:10:52 163

238 1.6775e-03 1.0558e-02 1.6946e-02 1.0431e-02 2.3417e-05 0:10:15 162

239 1.6749e-03 1.0535e-02 1.6974e-02 1.0389e-02 2.3358e-05 0:10:18 161

Radiosity converged after 3 iterations

Final radiosity residual = 1.649814e-06
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244 1.6339e-03 1.0530e-02 1.6773e-02 1.0307e-02 2.2971e-05 0:10:16 156

245 1.6269e-03 1.0515e-02 1.6730e-02 1.0292e-02 2.2806e-05 0:10:13 155

246 1.6272e-03 1.0479e-02 1.6745e-02 1.0259e-02 2.2744e-05 0:10:11 154

247 1.6143e-03 1.0482e-02 1.6681e-02 1.0266e-02 2.2681e-05 0:10:08 153

248 1.6093e-03 1.0464e-02 1.6641e-02 1.0261e-02 2.2601e-05 0:10:05 152

249 1.6024e-03 1.0449e-02 1.6610e-02 1.0253e-02 2.2452e-05 0:10:01 151

Radiosity converged after 3 iterations

Final radiosity residual = 1.488330e-06

250 1.5996e-03 1.0414e-02 1.6623e-02 1.0216e-02 2.2449e-05 0:09:58 150

251 1.5850e-03 1.0418e-02 1.6558e-02 1.0219e-02 2.2371e-05 0:09:54 149

252 1.5788e-03 1.0409e-02 1.6505e-02 1.0213e-02 2.2265e-05 0:09:51 148

253 1.5716e-03 1.0394e-02 1.6461e-02 1.0204e-02 2.2116e-05 0:09:47 147 iter continuity x-velocity y-velocity z-velocity energy time/iter
254 1.5716e-03 1.0359e-02 1.6464e-02 1.0175e-02 2.2062e-05 0:09:43 146

255 1.5581e-03 1.0364e-02 1.6395e-02 1.0181e-02 2.1981e-05 0:09:39 145

256 1.5519e-03 1.0353e-02 1.6343e-02 1.0171e-02 2.1813e-05 0:09:35 144

257 1.5533e-03 1.0319e-02 1.6349e-02 1.0136e-02 2.1750e-05 0:09:32 143

258 1.5414e-03 1.0318e-02 1.6283e-02 1.0135e-02 2.1659e-05 0:09:28 142

259 1.5369e-03 1.0305e-02 1.6223e-02 1.0114e-02 2.1477e-05 0:08:56 141

Radiosity converged after 3 iterations

Final radiosity residual = 1.646943e-06

260 1.5359e-03 1.0269e-02 1.6220e-02 1.0074e-02 2.1465e-05 0:08:57 140

261 1.5236e-03 1.0269e-02 1.6143e-02 1.0066e-02 2.1363e-05 0:09:26 139

262 1.5169e-03 1.0248e-02 1.6079e-02 1.0047e-02 2.1163e-05 0:08:52 138

263 1.5165e-03 1.0207e-02 1.6083e-02 1.0006e-02 2.1108e-05 0:08:52 137

264 1.5064e-03 1.0196e-02 1.6006e-02 9.9921e-03 2.1022e-05 0:08:52 136 iter continuity x-velocity y-velocity z-velocity energy time/iter
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Radiosity converged after 3 iterations

Final radiosity residual = 1.671688e-06

270 1.4652e-03 1.0019e-02 1.5654e-02 9.8260e-03 2.0387e-05 0:08:37 130

271 1.4601e-03 9.9855e-03 1.5573e-02 9.7939e-03 2.0213e-05 0:08:34 129

272 1.4587e-03 9.9359e-03 1.5559e-02 9.7378e-03 2.0129e-05 0:08:30 128

273 1.4445e-03 9.9209e-03 1.5452e-02 9.7198e-03 2.0053e-05 0:08:26 127

274 1.4364e-03 9.8917e-03 1.5376e-02 9.6892e-03 1.9893e-05 0:08:23 126

275 1.4347e-03 9.8401e-03 1.5361e-02 9.6355e-03 1.9833e-05 0:08:19 125 iter continuity x-velocity y-velocity z-velocity energy time/iter
276 1.4230e-03 9.8209e-03 1.5262e-02 9.6088e-03 1.9738e-05 0:08:15 124

277 1.4162e-03 9.7827e-03 1.5185e-02 9.5704e-03 1.9576e-05 0:08:11 123

278 1.4143e-03 9.7251e-03 1.5166e-02 9.5145e-03 1.9526e-05 0:08:08 122

279 1.4024e-03 9.7002e-03 1.5065e-02 9.4876e-03 1.9448e-05 0:08:04 121

Radiosity converged after 3 iterations

Final radiosity residual = 1.567103e-06

280 1.3947e-03 9.6605e-03 1.4993e-02 9.4439e-03 1.9360e-05 0:07:36 120

281 1.3921e-03 9.6016e-03 1.4992e-02 9.3798e-03 1.9309e-05 0:08:01 119

282 1.3803e-03 9.5749e-03 1.4906e-02 9.3496e-03 1.9182e-05 0:07:56 118

283 1.3745e-03 9.5340e-03 1.4848e-02 9.3093e-03 1.9030e-05 0:07:27 117

284 1.3739e-03 9.4768e-03 1.4856e-02 9.2484e-03 1.8993e-05 0:07:28 116

285 1.3615e-03 9.4530e-03 1.4773e-02 9.2224e-03 1.8855e-05 0:08:36 115

286 1.3599e-03 9.3969e-03 1.4781e-02 9.1687e-03 1.8801e-05 0:10:14 114 iter continuity x-velocity y-velocity z-velocity energy time/iter
287 1.3486e-03 9.3747e-03 1.4704e-02 9.1467e-03 1.8728e-05 0:11:08 113

288 1.3430e-03 9.3438e-03 1.4642e-02 9.1143e-03 1.8585e-05 0:11:49 112

289 1.3398e-03 9.2939e-03 1.4645e-02 9.0613e-03 1.8544e-05 0:12:42 111

Radiosity converged after 3 iterations

Final radiosity residual = 1.617653e-06
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294 1.3116e-03 9.1296e-03 1.4441e-02 8.9072e-03 1.8160e-05 0:14:01 106

295 1.3015e-03 9.1146e-03 1.4358e-02 8.8987e-03 1.8035e-05 0:13:54 105

296 1.3001e-03 9.0703e-03 1.4361e-02 8.8619e-03 1.7990e-05 0:13:47 104

297 1.2902e-03 9.0606e-03 1.4276e-02 8.8568e-03 1.7920e-05 0:14:01 103 iter continuity x-velocity y-velocity z-velocity energy time/iter
298 1.2845e-03 9.0390e-03 1.4221e-02 8.8383e-03 1.7782e-05 0:13:49 102

299 1.2827e-03 9.0043e-03 1.4240e-02 8.7951e-03 1.7748e-05 0:13:39 101

Radiosity converged after 3 iterations

Final radiosity residual = 1.518614e-06

300 1.2723e-03 9.0049e-03 1.4169e-02 8.7854e-03 1.7695e-05 0:13:28 100

301 1.2704e-03 8.9737e-03 1.4198e-02 8.7447e-03 1.7673e-05 0:13:38 99

302 1.2602e-03 8.9757e-03 1.4131e-02 8.7401e-03 1.7571e-05 0:13:45 98

303 1.2554e-03 8.9645e-03 1.4094e-02 8.7268e-03 1.7442e-05 0:13:09 97

304 1.2534e-03 8.9348e-03 1.4126e-02 8.6970e-03 1.7424e-05 0:13:17 96

305 1.2434e-03 8.9365e-03 1.4057e-02 8.6990e-03 1.7391e-05 0:13:22 95

306 1.2400e-03 8.9246e-03 1.4004e-02 8.6876e-03 1.7276e-05 0:13:05 94

307 1.2397e-03 8.8986e-03 1.4033e-02 8.6583e-03 1.7263e-05 0:12:50 93

308 1.2309e-03 8.9018e-03 1.3975e-02 8.6585e-03 1.7157e-05 0:12:37 92 iter continuity x-velocity y-velocity z-velocity energy time/iter
309 1.2310e-03 8.8780e-03 1.4013e-02 8.6287e-03 1.7144e-05 0:12:43 91

Radiosity converged after 3 iterations

Final radiosity residual = 1.570796e-06

310 1.2237e-03 8.8807e-03 1.3965e-02 8.6320e-03 1.7177e-05 0:12:45 90

311 1.2210e-03 8.8665e-03 1.3939e-02 8.6256e-03 1.7072e-05 0:12:10 89

312 1.2208e-03 8.8381e-03 1.3991e-02 8.6027e-03 1.7032e-05 0:12:16 88

313 1.2124e-03 8.8332e-03 1.3947e-02 8.6114e-03 1.6931e-05 0:12:01 87

314 1.2108e-03 8.8036e-03 1.3997e-02 8.5946e-03 1.6941e-05 0:12:05 86

315 1.2019e-03 8.8033e-03 1.3951e-02 8.6093e-03 1.6867e-05 0:11:32 85
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Radiosity converged after 3 iterations

Final radiosity residual = 1.524001e-06

iter continuity x-velocity y-velocity z-velocity energy time/iter

320 1.1916e-03 8.7352e-03 1.4036e-02 8.5784e-03 1.6825e-05 0:09:21 80

321 1.1856e-03 8.7402e-03 1.3998e-02 8.5947e-03 1.6823e-05 0:08:26 79

322 1.1845e-03 8.7366e-03 1.3981e-02 8.5945e-03 1.6722e-05 0:07:42 78

323 1.1845e-03 8.7138e-03 1.4033e-02 8.5761e-03 1.6728e-05 0:07:07 77

324 1.1761e-03 8.7167e-03 1.3997e-02 8.5867e-03 1.6643e-05 0:06:38 76

325 1.1750e-03 8.7004e-03 1.4035e-02 8.5694e-03 1.6650e-05 0:06:14 75

326 1.1676e-03 8.7079e-03 1.3983e-02 8.5811e-03 1.6571e-05 0:05:40 74

327 1.1684e-03 8.6914e-03 1.4016e-02 8.5629e-03 1.6572e-05 0:05:26 73

328 1.1622e-03 8.6995e-03 1.3963e-02 8.5730e-03 1.6544e-05 0:05:30 72

329 1.1602e-03 8.6976e-03 1.3924e-02 8.5678e-03 1.6441e-05 0:05:03 71

Radiosity converged after 3 iterations

Final radiosity residual = 1.595295e-06

330 1.1601e-03 8.6789e-03 1.3952e-02 8.5439e-03 1.6497e-05 0:04:55 70 iter continuity x-velocity y-velocity z-velocity energy time/iter
331 1.1523e-03 8.6891e-03 1.3895e-02 8.5505e-03 1.6404e-05 0:04:48 69

332 1.1533e-03 8.6704e-03 1.3925e-02 8.5303e-03 1.6388e-05 0:04:41 68

333 1.1464e-03 8.6766e-03 1.3865e-02 8.5407e-03 1.6305e-05 0:04:35 67

334 1.1462e-03 8.6586e-03 1.3895e-02 8.5230e-03 1.6309e-05 0:04:30 66

335 1.1389e-03 8.6683e-03 1.3839e-02 8.5348e-03 1.6233e-05 0:04:24 65

336 1.1396e-03 8.6482e-03 1.3872e-02 8.5186e-03 1.6249e-05 0:04:20 64

337 1.1336e-03 8.6609e-03 1.3808e-02 8.5327e-03 1.6162e-05 0:04:02 63

338 1.1333e-03 8.6442e-03 1.3832e-02 8.5127e-03 1.6169e-05 0:04:00 62

339 1.1278e-03 8.6576e-03 1.3766e-02 8.5172e-03 1.6081e-05 0:03:58 61

Radiosity converged after 3 iterations

Final radiosity residual = 1.578897e-06
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343 1.1163e-03 8.6741e-03 1.3717e-02 8.4880e-03 1.5928e-05 0:03:34 57

344 1.1164e-03 8.6638e-03 1.3753e-02 8.4730e-03 1.5939e-05 0:03:44 56

345 1.1109e-03 8.6812e-03 1.3708e-02 8.4862e-03 1.5918e-05 0:03:40 55

346 1.1081e-03 8.6834e-03 1.3693e-02 8.4878e-03 1.5826e-05 0:03:25 54

347 1.1078e-03 8.6690e-03 1.3736e-02 8.4739e-03 1.5826e-05 0:03:34 53

348 1.1015e-03 8.6838e-03 1.3697e-02 8.4915e-03 1.5734e-05 0:03:19 52

349 1.1016e-03 8.6674e-03 1.3736e-02 8.4780e-03 1.5733e-05 0:03:17 51

Radiosity converged after 3 iterations

Final radiosity residual = 1.635765e-06

350 1.0951e-03 8.6788e-03 1.3699e-02 8.4933e-03 1.5764e-05 0:03:15 50

351 1.0924e-03 8.6750e-03 1.3678e-02 8.4921e-03 1.5669e-05 0:03:12 49

352 1.0929e-03 8.6490e-03 1.3719e-02 8.4760e-03 1.5663e-05 0:03:09 48 iter continuity x-velocity y-velocity z-velocity energy time/iter
353 1.0871e-03 8.6530e-03 1.3696e-02 8.4854e-03 1.5589e-05 0:03:05 47

354 1.0887e-03 8.6316e-03 1.3745e-02 8.4674e-03 1.5599e-05 0:03:02 46

355 1.0831e-03 8.6335e-03 1.3711e-02 8.4731e-03 1.5516e-05 0:02:58 45

356 1.0850e-03 8.6089e-03 1.3755e-02 8.4502e-03 1.5526e-05 0:02:55 44

357 1.0796e-03 8.6083e-03 1.3713e-02 8.4550e-03 1.5511e-05 0:02:51 43

358 1.0779e-03 8.5989e-03 1.3684e-02 8.4456e-03 1.5414e-05 0:02:39 42

359 1.0779e-03 8.5720e-03 1.3729e-02 8.4197e-03 1.5417e-05 0:02:37 41

Radiosity converged after 3 iterations

Final radiosity residual = 1.579390e-06

360 1.0731e-03 8.5725e-03 1.3692e-02 8.4218e-03 1.5391e-05 0:02:34 40

361 1.0754e-03 8.5458e-03 1.3734e-02 8.3978e-03 1.5403e-05 0:02:32 39

362 1.0697e-03 8.5469e-03 1.3682e-02 8.4015e-03 1.5287e-05 0:02:29 38

363 1.0700e-03 8.5215e-03 1.3719e-02 8.3804e-03 1.5283e-05 0:02:25 37 iter continuity x-velocity y-velocity z-velocity energy time/iter
364 1.0639e-03 8.5220e-03 1.3656e-02 8.3869e-03 1.5268e-05 0:02:22 36
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369 1.0516e-03 8.4815e-03 1.3553e-02 8.3603e-03 1.4987e-05 0:01:59 31

Radiosity converged after 3 iterations

Final radiosity residual = 1.644234e-06

370 1.0534e-03 8.4612e-03 1.3586e-02 8.3431e-03 1.5052e-05 0:01:56 30

371 1.0475e-03 8.4706e-03 1.3512e-02 8.3526e-03 1.4969e-05 0:01:53 29

372 1.0494e-03 8.4494e-03 1.3533e-02 8.3334e-03 1.4938e-05 0:01:50 28

373 1.0434e-03 8.4568e-03 1.3452e-02 8.3401e-03 1.4851e-05 0:01:46 27

374 1.0441e-03 8.4305e-03 1.3474e-02 8.3169e-03 1.4856e-05 0:01:43 26 iter continuity x-velocity y-velocity z-velocity energy time/iter
375 1.0380e-03 8.4302e-03 1.3390e-02 8.3220e-03 1.4761e-05 0:01:39 25

376 1.0373e-03 8.4009e-03 1.3407e-02 8.2971e-03 1.4744e-05 0:01:35 24

377 1.0304e-03 8.3993e-03 1.3327e-02 8.2994e-03 1.4646e-05 0:01:27 23

378 1.0311e-03 8.3722e-03 1.3347e-02 8.2708e-03 1.4632e-05 0:01:24 22

379 1.0249e-03 8.3739e-03 1.3280e-02 8.2671e-03 1.4542e-05 0:01:21 21

Radiosity converged after 3 iterations

Final radiosity residual = 1.550098e-06

380 1.0252e-03 8.3428e-03 1.3308e-02 8.2338e-03 1.4595e-05 0:01:18 20

381 1.0175e-03 8.3410e-03 1.3240e-02 8.2275e-03 1.4512e-05 0:01:14 19

382 1.0176e-03 8.3102e-03 1.3266e-02 8.1930e-03 1.4468e-05 0:01:11 18

383 1.0130e-03 8.3030e-03 1.3181e-02 8.1879e-03 1.4370e-05 0:01:04 17

384 1.0141e-03 8.2687e-03 1.3204e-02 8.1553e-03 1.4369e-05 0:01:04 16

385 1.0085e-03 8.2646e-03 1.3129e-02 8.1508e-03 1.4290e-05 0:00:57 15 iter continuity x-velocity y-velocity z-velocity energy time/iter
386 1.0077e-03 8.2302e-03 1.3146e-02 8.1127e-03 1.4281e-05 0:00:54 14

387 1.0018e-03 8.2205e-03 1.3069e-02 8.1033e-03 1.4191e-05 0:00:50 13

388 1.0023e-03 8.1867e-03 1.3086e-02 8.0700e-03 1.4180e-05 0:00:47 12

389 9.9527e-04 8.1804e-03 1.3015e-02 8.0678e-03 1.4090e-05 0:00:43 11

Radiosity converged after 3 iterations

Final radiosity residual = 1.545309e-06

390 9.9368e-04 8.1484e-03 1.3040e-02 8.0375e-03 1.4134e-05 0:00:39 10

391 9.8673e-04 8.1406e-03 1.2976e-02 8.0378e-03 1.4050e-05 0:00:34 9

392 9.8668e-04 8.1048e-03 1.2998e-02 8.0112e-03 1.4014e-05 0:00:30 8

 (
268
)
393 9.7965e-04 8.0925e-03 1.2939e-02 8.0149e-03 1.3932e-05 0:00:27 7

394 9.7909e-04 8.0602e-03 1.2968e-02 7.9872e-03 1.3934e-05 0:00:23 6

395 9.7377e-04 8.0562e-03 1.2916e-02 7.9891e-03 1.3860e-05 0:00:19 5

396 9.7415e-04 8.0314e-03 1.2954e-02 7.9658e-03 1.3847e-05 0:00:16 4 iter continuity x-velocity y-velocity z-velocity energy time/iter
397 9.6822e-04 8.0300e-03 1.2901e-02 7.9755e-03 1.3766e-05 0:00:12 3

398 9.6961e-04 8.0069e-03 1.2938e-02 7.9557e-03 1.3761e-05 0:00:08 2

399 9.6417e-04 8.0123e-03 1.2880e-02 7.9689e-03 1.3689e-05 0:00:04 1

Radiosity converged after 3 iterations

Final radiosity residual = 1.683581e-06

400 9.6343e-04 7.9918e-03 1.2915e-02 7.9527e-03 1.3728e-05 0:00:00 0

Registering S2s, ("C:\Users\Onjefu\Desktop\27summer1.s2s")

Writing	data	to	C:\Users\Onjefu\AppData\Local\Temp\WB_ONJEFU- PC_Onjefu_1080_2\unsaved_project_files\dp0\FFF\Fluent\FFF.ip ...
x-coord y-coord z-coord
pressure

x-velocity y-velocity z-velocity
temperature hyb_init-0 hyb_init-1
Done.



Calculation complete.
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Date Report no. Test owner Test tool

Test arrangement



Standards


Tester


 (
l
)Test report

Test report ace.EN 12667 and EN12664 paragraph 9


2017/09115
40percentage fine rice-G061
Lambda-Messtechnik GmbH Dresden
Thermal Conductivity Meter 'lambda-Meier EP500e' ace.lo EN 1946-2 by Lambda-Messlechnik GmbH Dresden
Sensor plales horizonta,l hot plale onlop
Measurement with sensor films and compensation pads of ...m theckness

Thickness measurement ace. to EN 823
Thermal conductivity measurement ace. to ISO 8302 and EN 12667

->onjefu Leonard




Specimen designation Origin of specimen Date of manufact. Materialname Materialdescription

40percentage fine rice
German manufacturer


agric resdi ue
PS 30 SE according to EN 13 163

Specimen dimension
Area
Thickness
Nomni al thickness
Specimen mass
Raw density


100 mm x 220 mm
73.9 mm
75 mm
2707 00 g
1665.00 kglm'




Spec.pre-conditoi ning	Stored al...%air humidity and ...'C for ... days before lesting




ChangeIn mass during:
drying test





n •t.















Date Report no. Test owner Test tool

Test arrangement


Standards

Tester


 (
l
)Test report
Test report ace.EN 12667 and EN12664 paragraph 9


2018/02/27
sample new c-G022
Lambda-Messtechnlk GmbH Dresden
Thermal Conductivity Meter 'lambda-Meter EP500e' ace. to EN 1946-2 by Lambda-Messtechnlk GmbH Dresden
Sensor plates horizontal,hot plate on top Measurement with sensor films and compensation pads of ...m theckness
Thickness measurement ace. to EN 823
Thermal conductivity measurement ace. toISO 8302 and EN 12667
·>onjefu Leonard




Specimen designation Origin of specimen Date of manufact. Materialname
Material description

sample newc
German manufacturer

agrlc residue
PS 30 SE according to EN 13 163

Specimen dimension
Area Thickness Nominalthickness
Specimen mass
Raw denstiy


110 mm x 220 mm
37.9 mm
40 mm
779.00 g
849.30 kg/m'



Spec.pre-conditioning	Stored at ... % air humidity and ... ' C for ...days before testing



Change in mass during:
drying

sample new c - G022 at 1o·c
C:UI sersiStudenN...ambda Messtechnik\UserDataiMJster_ENG.DBF
2018/02/14 06:07:01 PM
Po = 17.49s c Pu = 2.5oo c

58·--g	.r	I rv 	.. i\4-J\
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1. Test

Test no.	G022_10
Meas.temp.in•c	10
Dfif.temp.inK	15
Lambda In mWfm•K    50.71
R In m2KIW	0.7474







iC) 2004-2016 Lamllda-MmlechnlGmbHDr

Lambda-10
R-10
TC

54.65 mW/(m•K)
0.6935 m••KfW
2.2660 mW/(m'K)'
2018/02127
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Date Report no. Test owner Test tool

Test arrangement


Standards

Tester


 (
1
)Test report
Test report ace.EN 12667 and EN12664 paragraph 9


2018/02127 sample A·G061
Lambda·Messtechnlk GmbH Dresden
Thermal ConducUvlty Meier 'lambda-Meter EP500e' ace. to EN 1946-2 by Lambda-Messtechnlk GmbH Dresden
Sensor plates horizontal, hot plate on top
Measurement with sensor films and compensaUon pads of ...m theckness
ThiCkness measurement ace. to EN 823
Thermal conductivity measurement  ace. to ISO 8302 and EN 12667
->onjefu Leonard




Specimen designation Origin of specimen Date of manufact. Materialname
Material description

sample A
German manufacturer

agric residue
PS 30 SE according to EN 13 163

Specimen dimension
Area Thickness Nominalthickness
Specimen mass
Raw density


110 mm x 220 mm
40.3 mm
40 mm
912.00 g
935.10 kglm'



Spec.preo(;ondltlonlng	Stored at ...% air humidity and ... ' C for ...days before testing



Change In mass during:
drying test
Humidity before test	0 %
 (
P
r
essure
500
 
Pa
)-------------------------------------------------

sample A - G061_2017-11-19_001 a123•c
C:lllsets\SIUdenN..ambda Messtechnlk\UserOata\MJster_ENG.DBF
2017/11/19 01:33:14 PM
Po = 3o.soo c Pu = 1s.s2s•c lambda= 103.62 mWI(m•K)
105.5
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t(mln)
1. Test

Test no. 	G061_2017-11-19_001_23
Meas.temp.In •c 	23
Dlff.temp. In K	15
Lambda In mWJm•K 	100.71
R In m'KJW	0.4002



Lambda-10 	    0.00 mW/(m·K) R-10	0.0000  m.,KIW
TC	0.0000  mW/(m.K')
2018/02127






signature








NAMIBIA UNIVERSITY OF SCIENCE AND TECHNOLOGY



FACULTY OF ENGINEERING




DEPARTMENT OF CIVIL & ENVIRONMENTAL ENGINEERING Ph.D. (ENG) IN STRUCTURAL ENGINEERING
CANDIDATE’S RESPONSES TO QUESTIONS FROM EXAMINERS DURING ORAL PRESENTATION




	S/ N
	Examiner’
s name
	Examiner’s
comment
	Candidate’s response/approa ch
	Relevant section response captured
	Candidate’s
comment

	1.
	Prof.
Schneide r (External Examiner
1)
	Possible
contact with local, regional, and international industries to test and
commercialize your findings
in thermal
resistivity of insulating boards from agricultural residues/wast es
	Yes, since this
will contribute to the design and construction of affordable energy-efficient housing.
	This is captured in chapter 2, section 2.3.5, and
paragraph 3 i.e. page 21 of the thesis work. Also section 7.3.3 paragraph 2 page 132
	Examiner’s
comment is adequately addressed and captured in the final research work




	2.
	Prof.
Schneide r (External Examiner
1)
	What do you
think might
be the reason for relatively small temperature differences between the inside and outside of the rigs
	This might be
attributed to inadequate air tightness and less/no insulation at the doors and
windows of the rigs.
	This is captured in the discussion and
recommendation sections i.e. Chapter 5, section 5.4, page 117. Also, section 7.3.5 page
133 of the thesis
	This is a very
important aspect that will be recommend ed if the findings in this research are to be expanded in the future.

	3.
	Prof.
Schneide r (External Examiner
1)
	What are the
uniqueness and contribution of marble dust in your
sample results
	Percentage
increase in marble dust in samples with best and worst thermal resistivity revealed the usefulness of marble dust in the mixed design
	This was already adequately explained and
concluded in the current version of the thesis work. Chapter 4 subsection 4.2.2 page 73. The uniqueness and contribution are concluded in Chapters 7 section 7.2.3 paragraph 2 page 130.
	This result is
key in achieving a key specific objective of this research that was adequately achieved.

	4.
	
	Possible
approaches to improve the workability (i.e. water absorption, relative density, etc.) of bricks produced
	This is a valid
point that will be investigated in future researches
	This is mentioned in the recommendation
section i.e. chapter 7, subsection 7.3.4 page
133 of the final version.
	This will
form part of any future researches on this topic

	b.
	Prof.
Inambao (External examiner
2)
	Any locally
accepted insulating material standards in Namibia and to what degree are they been implemented
	Yes, Such facts
are indicated in the findings of the National Building Code in the literature of this thesis
	This is captured in my literature i.e. chapter 2
of section 2.4.3 pages 21 to 23. Also, section
3.4.1.1 page 62 of the thesis that gives the relevant standard for insulating materials.
	A piece of
important information that will inform researchers on the developmen t and application of insulating materials in civil engineering buildings

	2.
	
	To explain the
indoor comfort /
	Such
temperatures are 200C and
	This is adequately captured and explained in
chapter 2, sections 2.6.1 of pages 26.
	Such
information is critical in




	
	
	optimum
temperature in building in old and hot seasons in Namibia
	240C in winter
and summer respectively for building made of conventional materials ASHRAE (2011
	
	motivating
the rationale of this research, hence forms part of my introductory statements
in earlier chapter two of my research.

	3.
	
	Briefly
highlight your major contribution to such researches
	Developing
appropriate thermal insulating boards and bricks from local agricultural residues/waste s that are widely available, and
in-situ measurements performed to measure their effectiveness by constructing
rigs of varying design parameters
	This is captured in chapter 7 section 7.2, pages
129 -131 of the final thesis work
	This answer
a fundamental question in any Ph.D. research

	
	Others
Evaluato rs
	
	
	
	

	1
	Others
	Why is there
inconsistent changes in thermal Conductivity between
60% - 80%
mixture
	Table 4.3 - 4.6
of my thesis section 4.2.3 shows
different		mix designs	with Agricultural residues.
	It can be seen from Fig.5.3 that with 80% of

Agricultural residues lead to an increase in thermal conductivity which shows that from
20% to 60% from Fig.5.3 exhibits a linear
relationship that is K = (1 +𝛽��)K0    in  most
cases when  K0   =  thermal Conductivity  at

zero   temperature.  When   the   effect   of temperature  on  thermal  conductivity  is
	Examiner’s
comment is adequately addressed and captured in the final research work of my thesis on page 110 -
111, subsection
5.2.2,



considered, the Fourier’s equation	Q=
��

paragraph 4, page 110

-kA
��

is written as:
��

Q= -k0(1 + 𝛽��)	.A
��
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Fig. 5.3. Thermal conductivity versus percentage mix of Agricultural residues
It can be seen from Fig.5.3 that the thermal conductivity of rice increases as the percentage mix of agricultural residue increase  from  20%  to  40%  because  the
equation K = (1 +��𝑚���)K0  it shows that the
value    of    the    coefficient    of    thermal
conductivity 𝛽 < 0 therefore, the  thermal
conductivity will increase from 20% to 40 %.

From 40% to 60% there is a decrease in
thermal conductivity which shows the 𝛽 >0,
and   from   60%   to   80%   the   thermal
conductivity rises that shows that 𝛽 < 0.





2	What is the Fundamental law of Conduction

The equation to measure conduction   is

This law is sated as:	This is captured in Chapter 6, sections 6.5, Fig. 6.7,

the	Fourier law

page 124 of the final thesis work.
T1


H	T2




L	x


−�𝐴∆�
Q =
𝑋
Where,

Q= Heat transfer rate [W].

A = Area, L x H, in heat flow direction [m2]. k = Material thermal conductivity [W/m K] ΔT = T1-T2, Temperature [K]
x = Brick Thickness [m



3	Others	What is the state of air inside a building













4	Others	What is the novelty of your research work in terms of environmenta l benefits?



5	Others	Are you sure the number of tons of millet, maize, and

Inside a building, the state of air is free
convection











Agricultural residues	 and marble		dust for	energy- efficient housing


Yes, Such facts are indicated in the  findings  of

The Rayleigh number and the Grashoff number are required to determine convection. The relevant equations for Rayleigh number, Grashoff number, the Prandtl number, and Nusselt number are captured in the thesis work.









This was already adequately explained and concluded in the current version of the thesis work. This is reflected in chapter 7, section 7.2 of the final version paragraph 1 page 129.






This is captured in my literature i.e. chapter 2 of section 2.2 pages 15 to 20

Examiner’s comment is adequately addressed and captured in the final research work Chapter 2 section
2.13.4 -
2.13.6  page
39-40. Evaluator’s comment is adequately addressed and captured in the final research work.
Key information that will inform


	
	
	rice produced
in Namibia is that big?
	my Literature in
Chapter 2.
	
	researchers
on the Importance of Agriculture in Namibia.
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