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ABSTRACT  

Geothermal energy, one of the renewable energies in the earth, have extensively been used worldwide. 

Its applications falls in to two classifications; first, utilizing heat energy in the source directly and 

second, indirectly converting it in to another energy form (electricity). In Ethiopia, with an estimated 

geothermal potential of 4200 ï 11000 MW, Aluto Langano of Oromia region morethan 7.2 MW of 

electrical power is existing indirect application. Besides bathing and swimming which are estimated to 

consume about 2.2 MW, there has been no investigation on direct geothermal energy use in Ethiopia. 

In this thesis, with an objective to analyze dryer system and vapor absorption refrigeration system 

(VARS), the systems powered by geothermal energy for thermal applications such as drying of 

agricultural products and cooling of water, respectively; thermodynamic and mathematical analyses of 

the systems are separately done. In the first part, when ambient air is forced to flow across the bundle of 

tubes, heat and mass transfer model is used to quantify amount of heat energy transferred and moisture 

removed. In the second part, mass & energy conservations principle have been used to analyze 

components of VARS to cool drinking water of Dilla University from 37.8
o
C to 16

o
C within 16 hrs.  

In the first part, it is assumed that 500 kg of different agricultural products are dried in the cabinet of 

same dryer. The results show that each of the crops requires different operating parameters due to 

differences in their thermal properties such as moisture contents, heat capacity, and so on. 

In the second part, designed VARS operating at evaporation rate of 103.12 kW is capable to cool 66,000 

liters of drinking water to the required temperature within 16 hrs each day. It has to be noted that 

evaporation rate varies with the time needed to cool. If the water to be cooled is within short time, high 

evaporation rate is then required. 

Based on the results obtained, it is clear that geothermal energy at Gedeo and Gujji Zones can be 

utilized for dryer and VAR systems. Furthermore, cost analysis of VARS shows that application of this 

system will  highly contribute to save money and energy of the country.  

Key words: Food drying System, Absorption Refrigeration System, Geothermal Energy 
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Ø Spring pre-compression distance m 
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N 

& pressure force on  opened poppet N 

Ў0  Pressure drop when poppet 

closed 

Pa 

Ў0  Pressure drop when poppet 

opened 

Pa 

ÁÂ side of the truncated cone  area mm 

Ø Poppet displacement mm 

Ä poppet areaôs diameter  mm 

! Throttle area m
2
 

Ä diameter of inlet to poppet m 

Ў0 pressure rise in the pump Pa 

0 generator/condenser pressure Pa 

0 absorber/evaporator pressure Pa 

6 volumetric flow rate m
3
/s 

!ȟ  cross-section m
2
 

, stroke length m 

.  shaft rotational speed rpm 
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2 
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Nomenclature Definitions Uni

t 

0  Input mechanical power kW 

ʂ  pump efficiency % 

0ȟ  Electrical power kW 

ʂ   motor efficiency % 

Ў(   Head losses m 
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TWh Terra watt hour 
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GWh/yr Giga watt hour per year  
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3 

“  Pi  3.14 
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CHAPTER-ONE 

INTRODUCTION  

1.1. Background 

Geothermal energy which is one of renewable energies and comes from inner side of earth can 

be used in electricity generation, cooking and other direct uses like heating, carbon dioxide 

enrichment in greenhouses, bathing, space heating and cooling, or crops drying, and skin healing. 

This energy is stored as heat in the magma, or molten rock, of the earthôs interior, where 

temperatures are extremely high; in hot water and rocks several kilometers below the earthôs 

surface; and in some parts of the world in shallow ground (Nguyen, 2015). 

In addition, according to Sanja et al., (2011), some of  direct  heat  use that have been  

technically  and  economically  proven during  the  last  decades are space conditioning (heating 

and cooling of rooms), drying and dehydration of agricultural products, desalinization of sea 

water, (for example, Kimolos desalinization plant in Greece), Snow melting, and Absorption 

refrigeration system. 

The earliest reported use of geothermal energy dates from the pre-pottery period, before 11000 

BC, when people in Japan were using hot springs for bathing and washing clothes and the 

archeological evidence has shown that this energy being used in Northern America more than 

10,000 years back. Industrial use started in the late eighteenth century, when steam from under 

the ground was used to extract boric acid from volcanic mud near what is now the town of 

Larderello in Tuscany, Italy. Just over a century later, in 1904, the worldôs first geothermal 

power generator was tested at Larderello by Italian scientist Piero Ginori Conti, using steam to 

generate electricity (Nguyen, 2015). 

Now aday potential uses of geothermal energy around the world has already been identified as 

optimal choice other than conventional fuels whose costs and enviromental impacts increases 

exponentially. 

Based on Nguyen, (2015), at present, 24 countries use geothermal power to generate electricity, 

and another 11 are developing and testing geothermal systems, including Australia, France, 

Germany, Japan, Switzerland and the United Kingdom of Great Britain and Northern Ireland. 
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Ethiopia, (2015) presented that Ethiopia in the horn of Africa landed on 1.13 million squares km 

of area with inhabitants more than 90 million growing at a rate of 2.3% has geothermal potential 

of 4,200 ï 11,000 MW in addition to huge solar potential of 2.199 million TWh per annum. The 

development begun in the early seventies and continued during the eighties and nineties were 

surface investigations, temperature gradient of wells and test drilling in selected sites. The first 

pilot plant was established at Aluto Langano, Oromia region, in 1998 which produces 7.2 MW of 

electricity. In addition, Corbetti, Tulu Moye and Abaya sites were licensed for exploration by a 

private firm. 

It has been reported by different literatures that Ethiopia has not used endowed renewable energy 

resources as compared to other African countries which have a potential of renewable energy due 

to economic problem, lack of interested local private investors to participate in this field, lack of 

initial investment and knowledge. The only use of vapor compression system in refrigeration 

technology, in the other hand, demonstrates that the country is not utilizing available huge 

renewable energies. 

Apart from this, spoilage of products during the peak harvesting time in cash crop areas of the 

country remains problems against farmers working in agricultural field. One of the reasons for 

this is drying of the products is supported only by natural system. 

However, now a day, different researches have been carried out all over the world and their 

results show that,  renewable  energies  are  the  best  alternative  energy  sources  to  replace the 

conventional fuel. 

As to prove how to use these renewable energies, in this thesis, the feasibility of geothermal 

energy found around Dilla University is investigated for the use in thermal applications such as 

crop drying and vapor absorption refrigeration systems. 

Gedeo and Guji Zones which are about 359 kms and 373 kms from Addis Ababa to the south of 

Ethiopia and along the main road to Nairobi Kenya, are parts of Ethiopia endowed with this 

geothermal energy that ever never studied yet and average measured temperatures of these 

sources are approximately more than 54
o
C (Appendix B-4) and 88.25

o
C (Appendix B-5), 

respectively.  
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Barsiso/Chombe of Gedeo Zone is located about 3.5 km from Dilla University and that of 

Wallame of West Gujji zone according to Bureau, (2015), is about 12 km. Based on lindal 

diagram of Popovski, (2001); Prasetya, (2017); Hristov, (2019) shown in Figure 1, 

Barsiso/Chombe and Wallame  geothermal sources can be used directly for drying fish, 

absorption refrigeration, green house, balneology, aquaculture, bi-degradation fermentation, 

agriculture, chickenôs egg incubation system, etc. 

 

Figure 1: Lindal Diagram 
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Now a day, balneology and swimming pools are the only direct applications of these geothermal 

sources as shown in Figure 2 at Barsiso. In addition, peoples from different parts of Ethiopia are 

visiting the areas for healing purpose. There was an expectation as of Bureau, (2015) that 

Wallame thermal spring, if well-developed, can be site of thermal bathing and multipurpose 

tourist recreations. 

(a)  (b) 

Figure 2: Direct use of ñBarsiso/Chombeò geothermal source, Dilla. (a) Swimming pool (b) 

Bathing rooms 

 

1.2. Statements of problem 

The average measured temperature of drinking water supply to Dilla University was 

approximately about 37.5
o
C (as shown in Appendix B-3) even though the measurements was 

taken in the summer, which is the coldest season of the year around this area. It would not be to 

exaggerate that this value of water temperature is less than its value that it would be in the 

winter, the hottest season. Therefore, the drinking water of the university is not suitable. 

However, drink this water as it is has many advantages such as loss of weight shading, assisting 

with nasal and throat congestion, diminishing menstrual cramps, body detoxification, prevention 

of premature aging, acne, dandruff and pimples, promoting hair growth, preventing dandruff, and 

enhancing digestion (Patel, 2015). Drinking hot/warm water also has the disadvantages of 

containing soluble contaminants, injuring of the intestinal lining, sleep disturbances, damaging 

kidneys, increasing blood volume (resulting in hypertension), scalding of mouth, etc (Patel, 

2015).   
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In addition, studies have shown that most of time hot/warm water is recommended during 

coldest season when the body characterizes very less temperature than 37
o
C. Nevertheless, 

suggested water temperature for better hydration of body, according to Hosseinlou, (2013) and 

WHO, is 16
o
C, with recommended consumption rate of approximately 2 liters per day. 

Gedeo zone, where more than 28% coffees supply in Ethiopia, is one of highly populated part of 

the country and found in the altitudes ranging from 1268-2993 meters above sea level. Piling-up 

of coffee during its harvesting is common for traditional drying process due to scarcity of enough 

land around this area, because of high population density of 699.84 people per km
2
 (CSA 2007), 

is one the problem against coffee quality. Therefore, piling-up coffee remains drying problem 

around the society. 

Tomato is one of vegetable crops that is consumed in every household and grown in different 

parts of Ethiopia. Ambecha et al., (2013) and Meniga & Muthyalu, (2014) studied that lack of 

tomato storage facility is one of the major challenges which results in products spoilage and its 

price falls quite significantly during peak harvesting season. These indicate that to process the 

tomatoes to another form (such as powder) to last it long, the drying system remains the 

problems in different parts of the country where tomatoes are abundantly produced. 

1.3. The Objective 

1.3.1. General objective 

The general objective of the thesis is to investigate the geothermal energy at Gedeo and Gujji 

Zones for food (agricultural products) drying and cooling of drinking water by vapor absorption 

refrigeration system. 

1.3.2. Specific objectives 

The specific objectives of this study are 

ü To measure the average temperature of drinking water supply of Dilla University and 

geothermal sources such as óBarsiso/Chombeô, and óWallameô hot springs. 

ü To estimate amount of heat to be removed from drinking water supply of DU. 
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ü To estimate of moisture to be removed from assumed value of 500 kg of different 

agricultural products such as tomatoes, coffee, beans, and maize and their required final 

temperature & moisture after drying. 

ü To collect the meteorological data such as average air temperature, wind speed, and 

relative humidity around DU. 

ü To conduct heat and mass transfer analysis of drying system for different crops such as 

tomatoes, coffee, beans, and maize and VAR systems using geothermal water as energy 

sources. 

ü To analyze each components of both drying for estimated values of moisture amount to 

be removed from different crops and VAR systems for estimated values of heat to be 

removed from drinking water of the University. 

ü To investigate the optimization parameters of the two systems for better effectiveness. 

ü To analyzes cost of the two systems. 

1.4. The scope of study 

The thesis basically covers analyses of agricultural products (food) dryer and VARS powered by 

"Barsiso/Wallame" geothermal source. Average moisture contents in 500 kg of each of the crops 

such as tomatoes, maize, beans, and coffee at their matured stage are evaluated, their required 

moisture contents enable for safe storage reviewed and based on which their respective drying 

systems are analyzed. 

In addition, it covers analyzing and sizing of major components done for vapor absorption 

refrigeration system for the total capacity of cooling load of 66,000 liters (as per average 

consumption rate of DU) of water per day. 

1.5. Significance of study 

Successful and practical implementation of the study will primarily solve the problems of 

unsuitable drinking water of DU and then challenges against coffee drying process in the society. 

In addition, this work may help us in reducing appreciable consumptions of electric power that 

would be needed if vapor compression refrigeration system is used to cool drinking water. 
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Furthermore, the study will help us to reduces wastage of perishable food items such as tomatoes 

and the likes. 

1.6. Organizations of the study 

This thesis contains six chapters. The first chapter introduces brief history about what geothermal 

energy is and its applications as in the case of the world and Ethiopia. In this chapter the problem 

statements, objectives, and the scope of study are briefly explained.  

The second chapter presents the literature review that focuses on recent technology development 

and application of direct use of geothermal energy. Furthermore, this chapter contains 

discussions on heat transfer and pressure drop characteristics through the tube bank, thermal 

properties of some crops, and absorption refrigeration system powered by means of different 

sources of thermal energy. The third chapter explains data collection methods and 

thermodynamic & mathematical analyses used, in designing the components of drying and VAR 

systems respectively. 

Fourth chapter of the thesis divided in to three subparts; contains results & discussions of the two 

systems. Furthermore, chapter five contains cost analysis of VARS and chapter six contains 

conclusions & recommendations. Finally, References, Property tables and charts used in the 

thesis are listed at the ends. 

1.7. Limitations of the study 

The present study was limited to the following points: 

¶ The capital cost of the systems is high, therefore it was not able to implement and take an 

experimental data of the systems. 

¶ Data collected (measured) from ñBarsiso/Chombeò and ñWallameò geothermal sources 

were for only three weeks and one day respectively. This was due to high cost and 

tiresome transportation to the areas. 

¶ As was reported in the introduction and literature survey parts of the paper, limitations to 

find different literatures and materials related to this field of study somewhat hinders the 

study. 
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CHAPTER-TWO 

LITERATURE REVIEW  

2.1.  Introduction  

Drying of agricultural products is a very important process in avoiding wastage that will results 

from fungal and micro bacterial attack. We know that drying as energy intensive process, is 

means of oldest and common food preservation technique by reducing the moisture contents of 

the products. 

As studied by many researchers, drying of agricultural products can be obtained by utilizing 

different types of energies. Solar and geothermal energies are some of the renewable energy 

sources that are used for prominent and efficient energy solar drier. 

Open sun drying in which the products receives short wavelength during major part of the day 

and air circulation, is simplest process where exposing of the products directly to the sun allows 

solar radiation to be absorbed by the materials and as a result, required quality standards are not 

fulfilled by using this methods. Uses of solar dryers have been emerged in drying of agricultural 

products to significantly reduce or eliminate the losses and enhance productivity. 

Unlike drying, refrigeration system is used to maintain agricultural products, foods, and 

medicines at required temperature below the ambient air temperature. It is used in all stages of 

the chain, from food processing, to distribution, retail and final consumption in home, agro 

processing industry, and other similar industries.  Refrigeration has become an essential to slow 

the physical, microbiological and chemical activities that cause deterioration in foods. 

According to Shet et al., (2012), in addition to progressive reduction of installation, maintenance 

cost and energy consumptions of low grade energy and environmental friendly ammonia-

operated absorption systems, its potential replacement of high grade energy, CFC, and HCFC 

operated vapor compression systems, have been extensively paid attention in recent years. 

In other hand, geothermal energy as one of the renewable energies have been utilized for direct 

applications such as agricultural drying systems, heat pumps, space heating, bathing, swimming, 

and refrigeration systems.  Here after, brief history on direct uses of geothermal energy for dryer 

and VARS as studied by different researchers, the methods based on which they designed & 
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operate, and the research gaps identified through existing systems are explained one by one in 

the following sub-sections of chapter two. 

2.2.  Worldwide Geothermal Energy Direct Application  

Direct applications of geothermal source of energy; rather than using indirect applications by 

converting to the electrical form of energy, involve immediate use of consisted heat and 

according to Sanja et al,. (2011), different  types  of  direct  heat  use  have been  technically  and  

economically  proven during  the  last centuries. Works of Sanja et al,. (2011), shown in (Table 

1), explains major areas of direct utilization of this energy over 65 countries worldwide in which 

thermal energy consumptions are estimated to be at least 162,000 TJ/yr which is equals to 45,000 

GWh/yr, saving 11.4 million ton of energy every year. 

Table 1. Summary of the various worldwide geothermal energy direct-use categories, 1995-2005 

Name of direct 

consumptions type 

Capacity, MWt Utilization, TJ/yr Capacity Factor 

2005 2000 1995 2005 2000 1995 2005 2000 1995 

1. Geothermal heat 

pumps 

15,.723 5,275 1,854 86,673 23,275 14,617 0.17 0.14 0.25 

2. Space heating 4,158 3,263 2,579 52,868 42,926 38,230 0.40 0.42 0.47 

3. Greenhouse 

heating 

1,348 1,246 1,085 19,607 17,864 15,742 0.46 0.45 0.46 

4. Aquaculture 

pond heating 

616 605 1,097 10,969 11,733 13,493 0.56 0.61 0.39 

5. Agricultural 

drying 

157 74 67 2,013 1,038 1,124 0.41 0.44 0.53 

6. Industrial uses 489 474 544 11,068 10,220 10,120 0.72 0.68 0.59 

7. Bathing and 

swimming 

4,911 3,957 1,085 75,289 79,546 15,742 0.49 0.64 0.46 

8. Cooling/snow 

melting 

338 114 115 1,885 1,063 1,124 0.18 0.30 0.31 

9. Others  86 137 238 1,045 3,034 2,249 0.39 0.70 0.30 

Total  27,825 15,14

5 

8,664 261,41

8 

190,69

9 

112,44

1 

0.30 0.40 0.41 

 

According to Nguyen, (2015), the thermal energy required for rice drying system designed in the 

Former Yugoslav Republic of Macedonia is 136 kilowatt hours per ton of wet weight, while the 

same system for tomato in Greece requires 1450 kilowatt hours per ton of wet weight.  
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Geothermal energy has been used to dry a wide range of agricultural products, such as rice, 

wheat, tomatoes, onions, cotton, chilies and garlic. General data and information of direct use of 

geothermal energy studied by Sanja et al., (2011); Nguyen, (2015) shall be given as follows. 

A small-scale tomato drying plant (Figure 3) located in Nea Kessani, Xanthi in Greece started 

operating in 2001. Tomatoes  are  dried  using  geothermal  hot  water  at  59 °C  in  a  14 m  

long  rectangular tunnel dryer of 1.0 m wide and 2.0 m high.  Similarly, a pilot-scale geothermal 

drying system for the pre-drying of cotton was designed and tested in Nea Kessani, Xanthi in 

1991 and 1992. The test results demonstrated that cotton can be dried in specially designed tower 

drier using geothermal water. 

Chilies and garlic are important to the economy of Thailand, where both fresh and dried products 

can be used for nutrition purpose. In this country, chillies and garlic are dried in cabinet driers 

(Figure 4), 2.1 m wide, 2.4 m long and 2.1 m high. Each dryer has 36 trays placed in two 

compartments with a total capacity of 450 kg of chillies or 220 kg of garlic. 

For the dryer of Thailand geothermal hot water at about 80°C circulates through a cross-flow 

heat exchanger 100 mm wide, 500 mm long and 300 mm high, enabling a constant air flow of 

1.0 kg/s to pass through the 10.5 m
3
 drying chamber. The required air temperatures are 70°C for 

chillies and 50°C for garlic, with drying times and hot water flow rates of about 46 hours at 1.0 

kg/s for chillies, and 94 hours at 0.04 kg/s for garlic. The total energy consumed is 13.3 MJ/kg of 

water evaporated for chillies and 1.5 MJ/kg of water evaporated for garlic. This type of dryer has 

relatively low running costs and can be used in any weather conditions.  

    

Figure 3: Tomatoes loaded on drying racks in Greece (Sanja et al., 2011; Nguyen, 2015). 
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Figure 4: Cabinet dryer for drying chilies and garlic in Thailand (Nguyen, 2015) 

Water from a geothermal well is used for the direct heating of a rice drying plant in the Kotchany 

geothermal field in Yugoslav Republic of Macedonia. The capacity of the dryer (Figure 5) is 10 

tons per hour with a heating capacity of 1360 kW. Air from outside, which has a temperature of 

15°C and relative humidity of 60%, is heated to about 35°C in a water to-air heat exchanger. The 

temperatures of the inlet and outlet geothermal water are 75 and 50°C, respectively. The heated 

air is blown into the drying zone to dry the rice, which moves downwards through the drier at 

constant velocity. There is gravitation mixing as the grain column moves downwards. The 

temperature of the heated air is kept below 40°C to prevent cracking of the rice. The rice is dried 

to decrease the moisture content from 20 - 14 % and then air-cooled. 

A fruit dryer (Figure 6) using geothermal energy was designed by Lund and Rangel, (1995) and 

installed in the Los Azufres geothermal field in Mexico. The dryer is 4.0 m long, 1.35 m wide 

and 2.3 m high with concrete walls, a timber ceiling and roof, and a reinforced concrete floor. It 

contains two containers with 30 trays each and has a capacity of about one ton of fruit per drying 

cycle. 
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Figure 5: Convective geothermal rice dryer (Sanja et al., 2011; Nguyen, 2015) 

Energy consumption is 10 kW at a geothermal water flow rate of 0.03 kg/s. The drying chamber 

is kept at a temperature of 60°C and reduces the moisture content of fruit from 80 - 20 % in 24 

hours. Cascading can be used to boost efficiency and reduce the cost of producing and utilizing 

the geothermal resource. 

 

Figure 6: Fruit dryer using geothermal energy in Los Azufres, Mexico (Nguyen, 2015) 

Indonesia has the greatest potential geothermal resources in the world. Geothermal energy can be 

used to dry several of the crops available in the area, such as coffee berries, tea, rough rice, beans 

and fishery products. A specially designed geothermal dryer (Figure 7) is being used to dry beans 

and grain in the Kamojang geothermal field of West Java. Geothermal steam from a well, at 

about 160 °C, is used to heat air for the drying process. The air is blown through a geothermal 

tube-bank heat exchanger where it is heated before being blown into the drying chamber, 

consisting of four trays. The heat transfer rate in the geothermal exchanger is one kW. The air 

flow velocity ranges from 4-9 m/s and the drying temperature from 45-60 °C. The drying time 

depends on the moisture content of the raw material. 



13 
 

 

Figure 7: Geothermal dryer for drying beans and grains (Nguyen, 2015) 

Example of food drying in developed countries such as in Western Nevada, United States of 

America, is a large-scale onion and garlic drying facility. Continuous conveyor belt dryers 

approximately 3.8 m wide and 60 m long (Figure 8) are fed 3,000ï4,300 kg/hr. of wet onions. 

The capacity of the dryers varies from 500 to 700 kg per hour of dried onions, reducing the 

moisture content of the onions from 85 to about 4 percent after 24 hours of drying. 

 

Figure 8: Conveyor dryer for vegetables and fruits (Sanja et al., 2011; Nguyen, 2015) 

It is well known that grain drying consumes a significant amount of energy annually. These 

drying processes can easily be adapted to geothermal energy. A deep-bed dryer (batch dryer) 

commonly used for drying grains (Figure 9) consists of a fan that blows air through a geothermal 
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heat exchanger, where it is heated. The hot air is then distributed uniformly to the product 

through the perforated floor. The temperature of the hot air is controlled by adjusting the flow 

rate of geothermal hot water.  

 

Figure 9: Batch grain dryer using geothermal energy (Nguyen, 2015) 

Fish is dried in a two-step process: i) primary drying in a rack tunnel dryer (Figure 10) or 

conveyor dryer (Figure 11) for 24ï40 hours at a drying temperature of 20ï26°C, to reduce the 

moisture content from 80 to 55 percent; and ii) secondary drying in containers for three days at a 

temperature of 22ï26 °C, resulting in a moisture content of about 15 percent. 

The drying temperature of some grains can approach 90°C, but moderate temperatures of 50ï

60°C with relative humidity of about 40% is adequate for drying other product. For example, the 

drying temperature of coffee berries is about 50ï60°C, that for rice must be maintained below 

40°C to prevent cracking. The moisture content of dried grains should be in the range of 12ï13 

% to prevent mould growth and spoilage. 
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Figure 10: Rack tunnel dryer using geothermal energy for fish drying (Nguyen, 2015) 

 

 

Figure 11: Conveyor dryer using geothermal energy for fish drying (Nguyen, 2015) 

An example of a large-scale industrial operation that uses geothermal energy is seaweed and fish 

drying in Iceland. Indoor drying has been applied for more than 35 years in regions where 

geothermal energy is available. Salted fish, cod heads, cod backbones, small fish and stock fish 

are among the products most commonly dried in this way. About 20 companies across Iceland 

dry fish using geothermal hot water and steam. One company drying seaweed has an annual 

capacity of 2,000ï4,000 tons using geothermal hot water, and the drying of pet food is an 

emerging industry, with annual production currently about 500 tons. 
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BŃczek, (2015) has made investigation on geothermal energy in VARS and concluded from his 

results that geothermal energy sources starting from temperature of 50 
o
C can be used in VARS 

and it leads to a reduction of electricity consumption and reduction of the negative impact of the 

cooling factors on the natural environment. 

Geothermal energy supplies are generally more stable and accessible than those of other 

renewable resources such as wind and solar energy can be used to heat greenhouses while 

simultaneously providing freshwater to irrigate the greenhouse crops. Soil heating using 

geothermal sources inside a greenhouse makes it possible to extend the growing season and 

maintain a constant soil temperature to increase yields mainly to cultivate carrots and cabbages. 

This can be obtained by passing geothermal water through a grid of corrugated polypropylene 

pipes (Figure 12) spaced horizontally and buried to the ground at designed dimensions where the 

inlet and outlet of hot water is in the direction of arrow. 

 

Figure 12: Heating pipe distribution for a soil warming system inside a greenhouse (Nguyen, 

2015) 

 

Furthermore, geothermal energy has been used in aquaculture (even in colder climates) in such 

way that freshwater exchanges heat with environmental friendly geothermal source to obtain 

suitable temperature for fish farming as shown in Figure 13. 
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Figure 13: Fish farming using geothermal energy (Nguyen, 2015) 

 

2.3.  Development of geothermal energy applications in Ethiopia 

According to energy sector report of Ethiopia, energy consumption in the country is low in terms 

of per capita, and underdeveloped in terms of structure. It is made up of less than 1% of 

electricity, about 5.4% of hydrocarbon fuels, and the rest percent is from traditional biomass 

fuels. Most of the petroleum products are consumed in the transport sector, whereas household 

energy comprises primarily of biomass fuels. About 40 million tons of fuel wood and 8 million 

tons of agro-residue are consumed annually. An important source of rural fuel supply is animal 

droppings. 

The country currently has approximately 4,500 MW of installed generation capacity of which 

approximately 90% of the installed generation capacity is from hydropower while the remaining 

8% and 2% is from wind and thermal sources respectively (Kassu, 2018). Geothermal share is 

contributed by the existing Corbetti, Tulu Moye, and Aluto Langano Geothermal Pilot Power 

Plants (Kebede et al., 2010).  
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The energy conversion efficiency of geothermal energies is low, at 10-15%, so that the released 

thermal energy is much larger than the obtained electrical energy. But thermal energy does not 

cost anything, so low energy conversion efficiency does not hurt. However, the total concession 

package agreed on between the Ethiopian government and the project stakeholders allows for the 

development of 1020 MW of geothermal energy at the respective sites (Yewendwossen, 2017). 

As explained by Kebede & Solomon, (2016), Ethiopia has started long-term geothermal 

exploration in 1969 that its inventory of the possible  resource  areas  within  the  Ethiopian  

sector  of  the  East  African  Rift  system, over the years has been built up, as  reflected  in 

surface hydrothermal manifestations. The inventory work in the highland regions of the  country  

is  not  complete  but  the  rift  system  has  been  well  covered.  Of the about 120 localities 

within the rift system that are believed to have independent heating and circulation systems, 

about two dozen, Aluto-Langano and Tendaho geothermal field are judged to have potential for 

high enthalpy resource development, including for electricity generation. 

According to Kebede et al., (2010), detailed geological, geochemical and geophysical surveys 

were carried out in the Langano area during the late 1970s and early 1980s and based on the 

results showed, two wells (LA3 and LA6) drilled on Aluto volcano produced 36 and 45 ton per 

hour, geothermal fluid at greater than 300 
o
C along a fault zone oriented in the NNE-SSW 

direction. Two wells drilled as offsets to the West (LA4) and East (LA8) of this zone produced 

100 and 50 ton per hour, respectively. As a result, a 7.3 MW pilot geothermal plant was installed 

in 1999 at Aluto Langano geothermal field as shown in Figure 12. 

The Tendaho geothermal field (Figure 13) is another plant carried out in the Tendaho area with 

economic and technical support from Italy where, three deep wells about 2100 m and three 

shallow exploratory wells about 500 m being drilled and yielded a temperature of over 250 ºC 

can supply enough steam to operate a pilot power plant of about 5 MW, and the potential of the 

deep reservoir is estimated about 20 MW (Kebede et al., 2010). 
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Figure 14: One of the discharging wells (LA-3) of the Aluto-Langano Geothermal Field, total 

depth and maximum temperature of 2.3 km and 320°C, respectively (Kebede et al.,2010). 

Abaya, Corbetti, Tulu Moye, Dofan and Fantale are more important areas where a number of 

prospects have been subjected to surface investigation: geology, geochemistry and geophysics 

and the shallow subsurface have been investigated by drilling at a few of the prospects. 

2.1.  Review on heat transfer and pressure drop characteristics of air flow over 

tube bank in cross flow 

Heat transfer and fluid flow in tube bundles represents an idealization of many industrially-

important processes. Cross flow heat exchangers are some of the processes in industry where 

through tube bundles (in-line and staggered arrangements of tubes as shown in Figure 29) either 

hot or cold fluid flow is supplied. Heat exchangers with tube bundles in cross flow are of a major 

operating interest in many chemical and thermal engineering processes (Ishak, 2013). 

Ishak, (2013) studied that average Nusselt number, NU and therefore heat transfer coefficient, h 

increases with an increase in the free stream velocity, V of the air flow and the heat flux supply. 

Average Nusselt number, increases with increase in Reynolds number Ὑ , however, increasing 

linear pressure drop will affect the strength of joints of tubes. This increase may be due to 

variations in the air properties, as the air density decreases with an increasing temperature. 

Prasetya, (2017) studied design of drying cocoa beans and concluded that the temperature during 

the drying process in the chamber should be maintained at constant temperature of 62 
o
C to avoid 

case hardening of the crop. However, this needs additional study as only maintaining chamber 

temperature would not be solution for the problem of case hardening. 
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Figure 15: One of the shallow wells (TD-5) of the Tendaho Geothermal Field, total depth and 

maximum temperature of 516 m and 253°C, respectively (Kebede et al.,2010). 

2.2.  Thermal properties of different crops 

Quality of most of agricultural products and crops (especially oily seeds) are negatively affected 

by amount of moisture they contains and temperature they stored. Thermal properties of crops 

depend on these factors and therefore, they have to be known in order to develop the thermal 

processes and equipment needed for storage, drying, heating, and cooling (Ince et al., 2008). 

Some of thermal properties collected for some of agricultural product through different 

literatures are summarized in Table 2 and more details on this can be found in (ASHRAE, 

(2006). 

Tomatoes 

It can be consumed in the form of either fresh or processed in to another form such as into paste, 

puree, ketchup and powder. Tomatoes may be dried by sun but the end product is infested with 

dirt (Abdulmalik, (2014). Based on ASHRAE, (2006), heat capacity of mature green tomatoes is 

approximately ὅ = 4.02 kJ/kg.
o
C. 

Beans  

It is a type of agricultural product that is to be consumed in original form as well as processed in 

to another form. The processed form of beans, its powder is used to prepare shuro wot in 

Ethiopia. From ASHRAE, (2006), heat capacity of beans is approximately ὅ =3.99 kJ/kg.
o
C. 
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According to Firmansyah et al., (2018), the critical temperature in drying coffee beans is 50 °C. 

This is because the drying temperature above 50 °C can lead to physical phenomenon called case 

hardening which leads to damage coffee beans. The recommended temperature for drying is 

about 45 °C and the heat capacity of coffee, ὅ = 1.4 kJ/kg.
o
C. 

As per the studies done by Pimenta et al., (2018); Siagian et al., (2017) drying and storage 

conditions, can influence the quality of coffee beans and therefore, well-conducted drying can 

produce high-quality coffee. According to their literatures, high moisture content of coffee at 

matured stage (60-70%) can be removed using temperatures range of (40-60
o
C). This 

consequently reduces the risk of infestation by microorganisms; reducing the occurrence of 

enzymatic fermentation, preserving quality and nutritive value, and ensuring germinate power. 

Maize 

Maize is an all-important crop which provides an avenue for making various types of foods. 

Every part of the maize plant has economic value: the grain, leaves, stalk, tassel, and cob can all 

be used to produce a large variety of food and non-food products. 

According to Bola et al., (2013), initial moisture content of the matured maize (with specific heat 

capacity approximately of 1.8 kJ/kg
o
C) to be dried is 35% and the final desired moisture content 

for the maize to preserve without damage is 13%. In addition, Arku et al., (2012) studied and 

concluded that specific heat capacity of maize is found in the range from 1.6891-3.2247 kJ/kg.
 

o
C. 

2.3.  Vapor compression versus Vapor absorption refrigeration system 

In VCRS saturated vapor refrigerants are used to be compressed in the compressor by means of 

mechanical work input in expense of high grade energy (electricity). Ideal vapor-compression 

refrigeration cycle (P-h and T-s diagram shown in Figure 16) contains four of the steady-flow 

processes with basic assumptions to be made.  

One of the assumptions is that temperature of the refrigerant after expansion device drops below 

the temperature of the refrigerated space/medium. Therefore, to have heat transfer at a 

reasonable rate, a temperature difference of 5-10°C should be maintained between the refrigerant 

and the medium to be freeze (Boles et al., 2006). 
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Another form of refrigeration, which becomes economically attractive when there is a source of 

inexpensive thermal energy (such as geothermal, solar, and waste from cogeneration or process 

steam), involves the absorption of a refrigerant by a transport medium (absorbent) where liquid 

is compressed instead of compressing vapor and the working principle of this system is discussed 

in chapter three. 

(a)     (b) 

Figure 16: T-s (a) and P-h (b) ideal vapor-compression refrigeration cycle diagram. 

Vapor compression system is similar with absorption refrigeration system whereas the only 

difference between them is compressor of the former is replaced by absorber, solution pump and 

generator of the later as shown by hidden block in Figure 31. 

Since mid-17
th
 century between the two World wars, which was marked by the disclosures of the 

two companies in the field of refrigeration; Electrolux in Sweden and Servel in the USA, many 

working fluid pairs are considered for absorption systems of which over 40 refrigerant 

compounds and 200 absorption compounds have been developed as indicated in the 

comprehensive study by (Srikhirin et al., 2001; Labus et al., 2012; Ullah et al., 2013). 

According to Labus et al., (2012), in the last three decades following the Montreal and Kyoto 

protocol due to increase in depleted area of ozone hole that was being reported as grown from 

1.1 km
2
 in 1979 to 22.4 km

2
 in 1987 by NASA, (2019), absorption technology has become more 

prominent as a possible alternative to the protection of ozone layer depletion. The use of 

environmental friendly working fluids and low grade energy makes this equipment very 

interesting for further research and development. 



23 
 

Nevertheless, currently the most common working fluids with practical application in absorption 

systems are H2O-NH3 and LiBr-H2O. A water-lithium bromide pair, which has been used in 

absorption equipment since 1950s, has the advantages of high safety, volatility ratio, affinity, 

stability and latent heat. However, the minimum chilled water temperatures in the absorption 

system with H2O-LiBr is around 5°C since water (refrigerant) freezes at below 0°C and require 

very low pressures (vacuum). 

In other hand, ammonia-water pair, which has been in use since the 18
th
 century is used for 

refrigeration applications in the range from 5ÜC down to ῐ60 ºC (Labus et al., 2012). However, 

Corrosive property of ammonia to metals such as copper and copper alloys, as reviewed by 

Srikhirin et al., (2001) and Ullah et al., (2013), inhibits the use of copper tubes which is widely 

available in the market. 

Happening of corrosion when temperature of generator more than 200 
o
C, limitation in using for 

moving operation (locomotives and fishing boats) because of flowing problem, and complexity 

of its design when dephlegmator (or use of rectifier as ammonia-water pair is volatile) in the 

generator required are challenges over its wide applications as discussed by (Ullah et al., 2013). 

2.4.  Vapor absorption system powered by different sources of energy 

Based on Ullah et al., (2013), 35% percent of incident solar powers falling on a formal 

photovoltaic collector generate electricity in a silicon-based PV system where, 65% of it is 

converted into heat energy. In contrast, it is described that a thermal system is capable of 

absorbing more than 95% of incident solar radiation, depending on the medium. This is one of 

the reasons that make great attention on thermally driven refrigeration system. 

Many authors such as Anand et al., (2016) and Vazhappilly et al., (2013) have extensively 

analyzed the utilizations of process steam and exhaust gases from engine respectively to vaporize 

the ammonia refrigerant as alternative sources of heat input to the generator. 

The results obtained by Anand et al., (2016) show that COP along with exergy efficiency 

increases with the heat source temperature at constant evaporator, condenser, and absorber 

temperature. In addition to this, another result has been obtained being COP as well as exergy 

efficiency increases with an increase in the evaporator temperature at constant generator, 

condenser, and absorber temperature. 
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Also results from thermodynamic analysis of ammoniaïwater absorption system using solar 

energy done by Srikanth et al., (2012) indicate that, the COP of cycle slightly decreases by 

increasing the concentration of ammonia at constant generator temperature and pressure. 

2.5.  Agricultural Products and Existing Drying Systems in Gedeo and Gujji 

Zones 

These two ethnic groups were engaged in different but complementary economic activities, with 

the Guji being agro-pastoralists and the Gedeo settled agriculturalists. Their economic activities 

and sharing of separate ecological niches enabled them to create a kind of symbiotic relationship. 

Even in some conflicts, they co-existed by resolving disputes locally using customary conflict 

resolutions. 

These two Cushitic groups (people of Gedeôo and Guji ) mainly are depend on ensete as their 

basic staple in securing degree of food but grow mixture of crops such as Maize, wheat, barley, 

haricot beans, fruits, coffee and some vegetables depending on land elevation (Kanshie, 2002; 

Wu, 2018). Open sun drying process of removing moisture is the common traditional drying 

method used in these societies to dry coffee and other crops. 

2.6.  Conclusions from Literature Reviews 

2.6.1. Heat and Mass Transfer of Drying Systems 

Generally, from all the dryer types briefly explained during the reviews of literature, it can be 

concluded as; in order to attain the final required moisture of the agricultural products in the 

compartments, air states can be summarized in to three. 

Atmospheric air coming through inlet at state (1) with ambient conditions exchanges heat with 

hot geothermal sources flowing across (1ô-2ô). After convective heat transfer in the cross-flow 

heat exchanger (1-2), heated air then contains enough energy to remove moisture contents of the 

products in the drying compartments in the form of mass transfer (2-3) as shown in Figure 17. 

Chilies and garlic dryer of Figure 4 with 10.5 m
3 

compartment volume can holds 450 kg of 

chillies or 220 kg of garlic. Cross flow heat exchanger occupying the volume of 0.015 m
3
 

converts atmospheric air temperature to 70 °C for chillies and 50 °C for garlic. For this system 
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energy rate of 36 kW and 0.98 kW in case of chillies and garlic, respectively should be 

transferred from 80 
o
C circulating hot source.  

 

Figure 17: The working principle of drying system 

Rice dryer of Figure 5 designed for 10 tons with heat transfer rate of 1360 kW. In this area, 

ambient air of 15°C with 60% relative humidity is heated to about 35°C in cross flow heat 

exchanger. Hot source is changed from 75 to 50°C to decrease the moisture content of rice from 

20-14 % and then air-cooled. 

A fruit dryer of Figure 6 designed by Lund and Rangel has the volume of 12.42 m
3
 made of 

concrete walls, a timber ceiling and roof, and a reinforced concrete floor has a capacity of about 

1000 kg of fruit per 24 hours and energy rates of 10 kW at geothermal water flow rate of 0.03 

kg/s. 

One kW of heat transfer in tube-bank heat exchanger of beans and grain dryer of Figure 7 

operating at geothermal steam from a well, at about 160 °C is used to heat air from atmospheric 

conditions to 45-60 
o
C. Air flow velocity across cross flow ranges from 4-9 m/s and drying time 

depends on the moisture content of the raw materials. 

Calculating logarithmic mean temperature difference in tube bank heat exchanger is compulsory 

along with energy conservation. Thus, rate of heat removed from geothermal hot fluid in heat 

exchanger is equals to amount of heat added to air flowing across the bank. In addition, mass 

conservation principle should be applied to mass transfer from materials in the compartment to 

heated air in the form of moisture removed. 
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From above systems it can be concluded that the same volume of compartment can hold different 

amounts of mass of different products. In addition, different types of agricultural products 

requires different rates of hear energy transfer and hot source flow rates. The dryer can be used 

in any weather conditions. 

Furthermore, it has also been identified from the previous systems that different crops 

(agricultural products) require different drying temperatures and other properties of some of the 

products have been discussed. Thermal properties of agricultural product shown in Table 2 are 

basic parameters required in the design analysis of dryer. 

It has to be remembered that if a refrigerated space is to be maintained at 16 °C, for example, the 

temperature of the refrigerant in the evaporator should be maintained at about 5 °C (the case of 

design of this paper). 

Table 2: Thermal properties of some agricultural products 

 

No. 

 

Crop types 

Thermal properties  

Reference(s) Specific heat, 

(kJ/kg
o
C) 

Conductivity, 

(W/m
o
C) 

Diffusivity, 

m
2
/s (10

-7
) 

1. Tomatoes 4.02 - - Ashrae, (2006) 

2. Coffee 1.4 - - Ashrae, (2006) 

3. Maize 1.6891 - 3.2247 - - Ashrae, (2006), Bola 

et al., (2013) 

4. Beans 3.99 - - Ashrae, (2006) 

5. Corns 1.4868 - 2.4224 0.1194 - 0.2474 1.111 - 1.371 Ince et al.,(2008) 

6. Soybean 1.3934 - 3.1976 0.0980 - 0.2276 0.8268 - 1.496 Ince et al.,(2008) 

7. Sunflower 0.8649 - 1.9302 0.0929 - 0.2099 2.325 - 3.695 Ince et al.,(2008) 

8. Wheat 1.0792 - 5.5336 - - Cao, (2010 ) 

 

2.7.  Research Gaps 

Dryer and vapor absorption refrigeration systems reviewed so far were analyzed only for thermal 

energy with high temperature values. But, analyses of dryer powered by geothermal sources of 

50
o
C have never been done. 

Different literatures on the developments of geothermal energy direct applications in Ethiopia 

shows that no analysis has been made on different types of thermal systems powered by 

geothermal energy in the country. 
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CHAPTER-THREE 

DATA COLLECTIONS  AND ANALYS ES OF THE TWO 

SYSTEMS 

3.1. Data Collections 

3.1.1. Day and night temperature data of hot springs 

Although temperature values are the subjects of the study, other measurements were also taken 

repeatedly for ñBarsisoò hot springs (near Dilla) were on turbidity, p
H
, conductivity, and 

temperature. An instruments/devices used for measurement are shown in Figure 18. But, only 

temperature measurement of ñWallameò hot spring was taken.  

Nephelometer or turbidimeter (a) measure turbidity of water in FNU (Formazin Nephelometric 

Units), P
H
 meter was used to measure acidity/basicity of water (b) Conductivity, the ability of  

(a)                   (b) 

(c) 

Figure 18: Instruments used for measurements of water properties 
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water to conduct or transmit heat, electricity, or sound in ms/cm (millimhos per centimeter) (c) as 

shown in Figure 18 were used in collecting measurements. 

It was measured from Barsiso/Chombe that 7.4, 1.23 FNU, 111.4 ms/cm, and 54 
o
C (average) 

for p
H
, turbidity, conductivity, and temperature, respectively. The average temperature 

measurements of Wallame show that 88.25 
o
C of the source. Daily and hourly temperature data 

recorded for these springs and presented in Appendix B-4 & B-5 are also shown from Figure 19-

23. 

 

Figure 19: Day time temperature measurement of "Barsiso/Chombe" hot spring 

 

Figure 20: Night time temperature measurement of "Barsiso/Chombe" hot spring 
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Figure 21: Daily temperature measurements of "Barsiso/Chombe" hot spring for three weeks 

 

Figure 22: Day time temperature measurement of "Wallame" hot spring 
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Figure 23: Night time temperature measurement of "Wallame" hot spring 

3.1.2. Water and meteorological data 

Quantifying climatic data have great effect in load calculations in the design of thermal systems 

such as refrigeration, air-conditioning, and drying system. Weather data of environment for Dilla 

are collected from Meteorological agency and drinking water temperature measurements of the 

University are taken for about three weeks. Averaged daily temperature data recorded at the 

water faucet are given in figure 24. 

 

Figure 24: Daily temperature measurements of "drinking water" in DU, Odaya'a campus 
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Ambient air of the area has an average value of temperature 20.5 
o
C, wind speed 0.6 m/s, and 

relative humidity of 58% whereas average temperature of drinking water was about 37 
o
C and 

tabulated in (Appendices B-1 up to B-5). 

3.2. Thermodynamic analysis of drying system 

3.2.1. Heat transfer in f low across single hollow cylinder and tube banks 

First part of this project deals with the design of drying system, the system which uses heat 

energy available in the geothermal water. Ambient air is forced by the help of fan across the tube 

banks through which hot water is flowing. Shape of dryer as shown in Figure 25 is selected for 

its simplicity in construction and design analysis. 

Generally, working principle is in such way that ambient air is forced to pass across tube bank 

heat exchanger and heat transfer from geothermal water to air happened. Now, these air will take 

out the moisture from crops (agricultural products) placed on sieved shelving drying 

compartment. 

Heat transfer coefficients in tubes of shell-and-tube heat exchanger involve both internal flow 

through the tubes and external flow over the tubes. So the analysis of both flows is required in 

the design of heat exchanger of such type. 

Consider the control volume around a single tube with inlet and outlet conditions as shown in 

Figure 26 that has elements of internal flow convection (the heating water), external flow 

convection (cross flow of air over a tube), and conduction heat transfer (through the tube wall). 

This may be modeled by use of a circuit analogy as applied to the heat transfer relations as 

shown in Figure 27, from which heat transfer rate may be computed by equation (1) using given 

inlet air & water temperatures and equivalent resistances of an equations (2-5). 

1 4ȟ    4ȟ    Ⱦ2  ééééééééé.éééééé..ééééé.é.é. (1) 

2 2 2 2 ȟ    éééééé...éééééééé.éééééé...ééé. (2) 

Air side thermal resistance 2 ρȾÈ !  é..éééééééé.éééééééé. (3) 

Wall conducting resistance 2 ÌÎ ȾςʌË , é..ééééééééééééé. (4) 
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Water-side thermal resistance 2 ȟ   ρȾÈ !  ééééééééééééé..é. (5) 

 

  

Figure 25: The three dimensional view of drying system 

Because of the complexity of the flow patterns, it is difficult to handle analytical investigations 

for such the flow across tube. This has been studied by numerous investigators and only 

correlations for the average heat transfer coefficients have been developed experimentally. 

Average Nusselt number correlations Nu for a flow of different Reynolds number across the 

tube, by Churchill and Bernstein as studied by Bergman et al., (2011) are given in equations (6-

8). 

.Õ πȢσ
Ȣ

Ⱦ Ⱦ

ȢȾ Ⱦ Ⱦ
ρ

ȟ

Ⱦ Ⱦ

  .éé...................................................... (6) 

Where, Reynolds number RE > 400,000 and ὖ is Prandtl number (at mean temperature) 

.Õ πȢσ
Ȣ

Ⱦ Ⱦ

ȢȾ Ⱦ Ⱦ ρ ȟ

Ⱦ

 .éé............................................................ (7) 

Where, 10,000 < RE < 400,000 

1 

2 

3 

4 

5 

6 

7 

1. Inlet 

2. Fans 

3. Tube banks (heat 

exchanger) 

4. Shelving (trays) 

5. Door 

6. Outlet 

7. Lid (tap) 
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.Õ πȢσ
Ȣ

Ⱦ Ⱦ

ȢȾ Ⱦ Ⱦ  .éé.........................................................é............................. (8) 

Where, RE < 10,000 

 

Figure 26: Control volume for the fluid flow over the tube. 

Reynolds number can be calculated as given in equation (9) where the characteristics diameter of 

cylindrical tube is to be taken as outer diameter of the tube. 

2 6$Ⱦʉ .éé...............................................................ééééééé.............................. (9) 

Where, V is uniform velocity of fluid approaching the tube (m/s). 

D is characteristics diameter and v is dynamic viscosity of flow (m
2
/s). 

It is known that the boundary layer remains laminar for about RE =2x10
5
 but turbulent for the 

Reynolds number greater than this. The fluid approaching the tube branches out and encircles the 

cylinder, forming boundary layer that wraps around the cylinder as shown in Figure 26. The fluid 

particles will became a complete stop at stagnation point, where high pressure created and the 

pressure will decrease with flow direction while fluid velocity increases. 

The nature of the flow across cylinder strongly affects the total drag coefficient, CD (both friction 

drag and the pressure drag can be significant). The high pressure at stagnation point and the low 

pressure on the opposite side in the wake produce a net force on the body in the flow direction 

that need to be considered during design of fixing tube banks. 

In addition to equations (6-8), empirical correlations for the average Nusselt number for forced 

convection across the cylindrical tube and non-cylindrical structure, by Zukauskas and Jacob, are 

given in Table 3. 
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Heat transfer surface area ! for single cylindrical tube is as given in equation (11) and the rate 

of heat transfer 1 can be determined from the Newtonôs law of cooling as given in equation (12) 

and the properties of fluid will be evaluated at mean temperature, Tf given by equation (10). 

4  4 4 Ⱦς  .éé..........................................ééééé............................................. (10) 

! ʌ$,  éé....................................................ééééé................................................. (11) 

1 È! 4 4  .éé..............................................éééé............................................. (12) 

Where, Ὕ is surface tube temperature in 
o
C, Ὕ  is air stream temperature in 

o
C,  ὒ is tube length 

in m, Ὤ is average heat transfer coefficient in W/m
2
.K or (W/m

2
.
o
C). 

Table 3: Empirical correlations for the average Nusselt number (Boles, 2006).  

Cross-section of the 

cylinder 

Fluid Range of Reynolds 

number 

Nusselt number 

correlations 

Circle Gas/liquid 0.4-4 

4-40 

40-4000 

4000-40,000 

40,000-400,000 

Nu=0.989Re
0.330

Pr
1/3 

Nu=0.911Re
0.385

Pr
1/3 

Nu=0.683Re
0.466

Pr
1/3 

Nu=0.193Re
0.618

Pr
1/3 

Nu=0.027Re
0.805

Pr
1/3

 

Square Gas 5000-100,000 Nu=0.102Re
0.675

Pr
1/3

 

Square  

tilted 

45
o 

Gas 5000-100,000 Nu=0.246Re
0.588

Pr
1/3

 

Hexagon Gas 5000-100,000 Nu=0.153Re
0.638

Pr
1/3

 

Hexagon 

tilted 

45
o 

Gas 5000-19,500 

19,500-100,000 

Nu=0.160Re
0.638

Pr
1/3 

Nu=0.0385Re
0.782

Pr
1/3

 

Vertical 

plate 

Gas 4000-15,000 Nu=0.228Re
0.731

Pr
1/3

 

Ellipse Gas 2500-15,000 Nu=0.248Re
0.612

Pr
1/3

 

 

 

D 

D 

D 

D 

D 

D 

D 
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For example, if  it is given that: 10-cm-diameter steam pipe at surface temperature of 110
o
C, 

passing open area against the winds blowing at a velocity of 8 m/s at 1 atm and 10
o
C. In order to 

determine rate of heat loss per unit length, equations (6), (7), and (8) in addition to suitable 

correlation from Table 3 can be used.  

 

Figure 27: Equivalent resistance circuit analogy 

Air properties are evaluated at mean temperature of 60
o
C from (Appendix A-1), k = 0.02808 

W/m.
o
C, v = 1.896x10

-5 
m

2
/s, Pr =0.7202. Reynolds number became, RE = 4.219x10

4
 and 

Nusselt number, Nu = 124. Evaluating values, Nu = (hD)/k, h=34.8 W/m
2
.
o
C and finally, 

1 34.8(3.14) (0.1) (110-10) = 1.10 kW 

Note that the equations presented so far were from the perspective of flow over a single tube. 

However, in the case of tube banks, the number of tubes per row (NT) must be taken into account 

to determine the total heat transfer through that tube row. 

Heat transfer to or from a bank (or bundle) of tubes in across  flow is relevant to numerous 

industrial applications, such as steam generation in a boiler or air cooling or air heating in the air 

conditioning system. One fluid moves through the tubes while the other moves over the tubes in 

a perpendicular direction with velocity V. The geometric arrangement is shown schematically in 

Figure 28. 

We have seen that heat transfer rate from hot fluid in the tube to the air flow across the tube 

depend of the Reynolds number of the flow, the Prandtl number of the flow, and a coefficients 

that are empirically determined based on the heat exchanger geometry and tube arrangements. 

These factors are used to determine the Nusselt number. The Nusselt number is used to calculate 

the convective heat transfer coefficient (h) which is used to quantify the heat energy transferred 

from the tube wall to air (Q). 

T
heating fluid

 T
inner wall

 T
outer wall

 Tair 

ὗ 
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Of the four heat transfer models; Grimison, modified Grimison, Zhukauskas, and the Kays & 

London models whose comparison done  in Hammock, (2011), Zhukauskas model published in 

1972 and has been reported to be accurate to within ±15% (between calculated and measured 

value) is selected as per design of drying sytem. 

For the average convective heat transfer coefficient with tubes at uniform surface temperature, 

from experimental results more recently, Zukauskas has proposed correlations of the form: 

.Õ #2 0
Ȣ

 é.é.éééééééééééééé....ééééé. (13) 

Where, ὖ  = Prandtl number evaluated at tube surface temperature, #, Í, and Î are generic 

scalar variables depend on Reynolds number and tube arrangements or bank geometry.  

Heat transfer relations based on empirical data for both arrangement types (aligned and 

staggered), including turbulent phenomena in the correlations (such as vortex shedding), are 

summarized in Table 4. 

When tube banks are used in heat exchangers, the flow over the tubes in the second subsequent 

rows of tubes is different from the flow over a single tube. Even in the first row the flow is 

modified by the presence of the neighboring tubes. The extent of modification depends on the 

spacing between the tubes. 

Due to this reason, the heat transfer also differs between a single tube and tube banks. It is for 

this reason that a correction for the number of tubes in the heat exchanger is presented. This 

correction is to account for the front-row tube being coated by a relatively smooth boundary 

layer formed by an undisturbed free stream; however, successive downstream tubes benefit from 

augmented heat transfer due to the eddies of the turbulent wake created by upstream tubes 

(Hammock, 2011). 

Two arrangements of the tubes are aligned and staggered (Figure 29). If the spacing is very much 

greater than the diameter of the tubes, correlations for single tubes can be used. Correlations for 

flow over tube banks when the spacing between tubes in a row and a column is not much greater 

than the diameter of the tubes have been developed for use in heat-exchanger applications. 
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As per the scope of this study, the heat transfer relations for in-line arrays (aligned) tube 

arrangement are used in the analysis of heat transfer. It is clear that heat transfer from banks of 

tubes depends on the flow conditions, tube geometries, and tube arrangements. 

Tubes are usually placed in a shell (thus the name called shell-and-tube heat exchangers). 

Arrangements of the tubes in the bank are characterized by the transverse pitch 3, longitudinal 

pitch 3, and the diagonal pitch 3. As the flow enters the bank, the flow area will be reduced 

from A1 to AT between the tubes and then flow velocities increases. 

 

Figure 28: Schematic of tube bank in cross flow 

! 3, ééééé..ééééé.ééééé..ééééé.ééééééééé.éé (14) 

! 3 $, ééééé..ééééé...é.é.ééééé.éééééé...éééé. (15) 

In staggered tube arrangement, the velocity may increase further in the diagonal region. Thus the 

flow is characterized by the maximum velocity created, and therefore the Reynolds number also 

evaluated at maximum velocity. 

From conservation of mass requirement for steady incompressible flow; in the case of inline 

arrangement tube banks and staggered of  ς! !  , the maximum velocity is derived 

(Appendix A-6) and given in equation (16). Similarly, for staggered tubes arrangement of  

ς! !  , the maximum velocity is derived (Appendix A-6) and given in equation (17). 

6 6Ȣ  ééééé..ééééééé...éé.ééééééééé.ééééé. (16) 
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6 6 ééééé..ééééé...éé.ééé.ééééééé.éé..ééé. (17) 

As known before, as long as Nusselt number and heat transfer coefficients calculated from 

correlations given in Table 3 and using equation 13, then heat transfer rate can be determined 

from newton law of cooling using equations 19 through 20. 

(a) (b) 

Figure 29: Aligned (a) and Staggered (b) tube arrangement free body diagrams 

Table 4: Nusselt number correlations for cross flow over tube banks for NL> 16 and 0.7< Pr <500 

by Zukauskas (Boles, 2006). 

Arrangement Range of Reynolds number Correlations 

In-line 0-100 Nu = 0.9RE
0.4

 Pr 
0.36

(Pr/Prs)
0.25 

100-1000 Nu = 0.52RE
0.5

 Pr 
0.36

(Pr/Prs)
0.25

 

1000-2x10
5 

Nu = 0.27RE
0.63

 Pr 
0.36

(Pr/Prs)
0.25

 

2x10
5
-2x10

6
 Nu = 0.033RE

0.8
 Pr 

0.4
(Pr/Prs)

0.25
 

Staggered 0-500 Nu = 1.04RE
0.4

 Pr 
0.36

(Pr/Prs)
0.25

 

500-1000 Nu = 0.71RE
0.5

 Pr 
0.36

(Pr/Prs)
0.25

 

1000-2x10
5 

Nu = 0.35(ST/SL)
0.2

RE
0.6

 Pr 
0.36

(Pr/Prs)
0.25

 

2x10
5
-2x10

6
 Nu = 0.031(ST/SL)

0.2
RE

0.8
 Pr 

0.36
(Pr/Prs)

0.25
 

 

However, the average Nusselt number relations presented in Table 4 collected from Boles, 

(2006) are for tube banks with 16 or more rows. However, those relations can also be used for 

tube banks with rows less than 16 provided that they are modified as given by equation (18) 

where correction factor F from Boles, (2006) for flow with RE >1000 is given in Table 5. 


















































































































































































