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ABSTRACT

Geothermal energy, one of the renewable energidiserearth have extensively been used worldwide.
Its applications falls in to two classification§irst, utilizing heat energy in the source directly and
second, indirecthconvertingit in to another energy form (electricityin Ethiopia, with an estimated
geothermal potential of 4200 11000 MW Aluto Langano of Oromia regiomorethan7.2 MW of
electrical powers existingindirect application Besides bathing and swimmindpich are estimated to
consume about 2I2W, therehas been no investigatiam direct geothermal energy usefthiopia

In this thesis with an objectiveto analyze dryersystemand vapor absorption refrigeration system
(VARS), thesystemspowered bygeothermal energy fothermal applicationssuch asdrying of
agricultural productsand cooling of water, respectivelythermodynamic and mathematical analyses of

the systems argeparatelydone In the first part, when ambient as forced to flonacrossthe 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 conservatipriaciple have been usetb analyze

componats of VARSto cooldrinking waterof Dilla Universityfrom 37.8C to 16C within 16 hrs

In the first part, it is assumed that 500 kg of different agricultural prodasdriedin the cabinet of
same dryer The results show thatach of the cropsequiresdifferent operating parameters due

differencein their thermal propertiesuch as moisture contents, heat capaeibhd so on.

In the second part, designed VARS operating at evaporationfa®@3.12 kW is capable to cool 66,000
liters of drinking waterto the required temperatureithin 16 hrs eah day.It has to be noted that
evaporation rate varies with the time needed to cbdhe water to be cooled is withishorttime, high

evaporation rate is then required.

Based onthe resultsobtained it is clear that geothermal energat Gedeo and Gujji Zonesan be
utilized for drnyer and VAR system&urthermore,cost analysis of VARShows that application of this

systenwill highly contribute tsave money and energytbé country.

Key words: Food drying System, Absorption Refrigeation System, Geothermal Energy
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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, ®doymg, and skin healing.

This energy is stored as heat i n the magma,
temperatures are extremely high; i n hot wate

surface; and in some parts of the worldhallow groundNguyen, 2015)

In addition, according tdSanja 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 produlesalinization of sea
water, for example Kimolos desalinization plant in GreegeSnow melting, and Absorption

refrigeration system.

The earliest reported use of geothermal energy dates from tpoteey period, before 11000

BC, when people in Japan were using hot springs for bathing andngyadbthes 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 frontammic mud near what is now the town of
Larderell o in Tuscany, ' taly. Just over a ce
power generator was tested at Larderello by Italian scientist Piero Ginori Conti, using steam to

generate electricitfNguyen, 2015)

Now aday ptential 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 orNguyen, (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.



Ethiopia, (2015)presented thethiopia in the horn of Africa landed on 1.13 million squdus

of area with inhabitants more than 90 million growing at a rate of 2.3%gé&@thermal potential

of 4,2001 11,000 MWin addition to huge solar potential of 2.18@lion TWh perannum The
development begun in the early seventies and continued during the eighties and nineties were
surface investigations, temperature gradanivells and test drilling in selected sites. The first

pilot plant was established at AduLangano, 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 ttdiopia has not useehdowedeneavable energy
resources as compared to other Africanntries which have potential of renewable energye

to economic problerrack ofinterestedocal private investors to participatethis field, lack of
initial investment and knowledg&he only us of vapor compression system in refrigeration
technology, in the other handemonstrateghat 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 energiethis thesis, the feasibility of geothermal
energy found around Dilla University igvestigated for the use in thermal applications such as

crop drying and vapor absorption refrigeration systems.

Gedeo and>uji Zones which are about 3&8ns and 373ms from Addis Ababa to the south of
Ethiopia and along the main road to Nairobi Keny®, parts of Ethiopiaandowedwith this
geothermal energy that ever never studied yet and average measured temperatures of these
sources are approximateiyore than 54°C (Appendix B-4) and 88.28C (Appendix B-5),

respectively.



Barsiso/@ombe of Gedeo Zones located about 3.&km from Dilla University and that of

Wallame of West Gujji zone according tBureau, (2015)is about 12 kmBased on lindal
diagram of Popovski, (2001) Prasetya, (2017) Hristov, (2019) shown in Figure 1,

Barsiso/@ombe and Wallame geothermal soursecan be used direcly for drying fish,

absorptionrefrigeration, green house, balneology, aquaculturelebradation fermentation,
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Now a day, balneology and swimming pools are the only direct applications of these geothermal
sources as shown Figure 2 at Barsisoln addition, peoples from different parts of Ethiopia are
visiting the areas for healing purposkhere was an expectaticas of Bureau, (2015) that
Wallamethermal spring, ifwell-developed can be site of thermal bathing and multipurpose

tourist recreations.

(b)

Figure2: Direct use ofiBarsisdChombeé geothermakource Dilla. (a) Swimming pool (b)
Bathing rooms

1.2. Statementsof problem

The average measurednperature of mhking water suply to Dilla University was
approximately about B5°C (as shown inAppendix B-3) even though the measurements was
taken in the summewhich isthe coldest season of the year around this. ér@auld not be to
exaggeratdhat this value of water temperature is less than its value that it would be in the

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

However,drink this wateras it is has many advantages suchoas ofweight shading assisting
with nasal andhroatcongestion, diminishingnenstrualcramps,body detoxification, prevention

of prematureaging, acne dandruffandpimples,promotinghair growth, preventingdandruff,and
enhancingdigestion (Patel, 2015) Drinking hotwarm water also has the disadvantages of
containingsoluble contaminantsnjuring of the intestinalining, sleep disturbances, damaging
kidneys, increasing blood volume (resulting in hypertensisnalding of mouth, et¢Patel,
2015)



In addition, studies have shown that most of time hot/warm water is recommended during
coldest season when the bodyaracterizesvery less temperature than %7 Nevertheless,
suggested water temperature for better hydragfobody, accordingto Hosseinlou,(2013)and

WHQO, is 16C, with recommendedonsumption rate of approximatedyiters per day

Gedeo zone, where more than 286éffees supplyn Ethiopia, is one of highly populated part of
the countryandfound inthe altitudes ranging from 126893 metersabove sea levePiling-up

of coffee during itharvestings commorfor traditional drying process due to scarcity of enough
land around this asebecause ohigh population densitpf 699.84 people pdm? (CSA 2007)

is one the problem against coffee qualifherefore, pilingup coffee remains drying problem

around the saety.

Tomato is one of vegetable crops that is consumed in every household and grown in different
parts of EthiopiaAmbecha et al.(2013 and Meniga& Muthyalu, (2014) studied thatlack of

tomato storage facility is one of the major challenges wteshlts in products spoilage and its
price falls quite significantly during peak harvesting seasbimese indicate that to process the
tomatoes to another form (such as powder)last it long the drying system remains the

problems in different parts dfi¢ countrywhere tomatoes are abundarghpduced.

1.3. The Objective

1.3.1. General objective

The general objective of thesisis to investigatehe geothermal energgat Gedeo and Guijji
Zones for food (agricultural products) drying and coolifglrinking water by vapor absorption

refrigeration system.
1.3.2. Specific objectives
The specific objectives of this study are

U To measue the average temperature of drinking water supply of Dilla University and
geot her mal sBargisdC le @ mis echvatl sadhet&prings.

U To estimat amount of heat to be removed from drinking water supply of DU



U To estimak of moisture to be removed fromssumed value 0500 kg of different
agricultural productsuch agsomatoesgcoffee,beans, andnaize and their requidefinal
temperatur& moistureafter drying.

U To wllect the meteorological data such as average air temperature, wind speed, and
relative humidity around DU.

U To conduct heat and mass transfer analgbidrying system for different cropsuch as
tomatoesgoffee,beans, ananaizeand VAR systems using geothermal water as energy
sources.

U To analyzeeachcomponents of botldrying for estimated values of moisture amount to
be removed from different cromnd VAR systems for estimated values of heat to be
remoed from drinking water of the University

U To investigate the optimizatigmarametersf the two systems fdretter effectiveness

U Toanalyzegostof the twosystems

1.4. The scope of study

The thesis basicallgoversanalyses of agriculturgiroducts(food) dryer and VARS powered by
"Barsiso/Wallame" geothermal sour@ezerage moisture contenits 500 kgof eachof thecrops
such as tomatoes, maize, beans, and coffee at their matured stagelaaéed their required
moisture contents enable feak storage reviewed anoased on whichheir respective drying

systems aranalyzed

In addition it covers analyzing and sizing of major components donevdpor absorption
refrigeration systenfor the total capacity otooling load of 66,000 iters (as per average
consumption rate of D)Ubf 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 anldenchallenges against coffee dryipgpcessn the society

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

would be needed if vapor compression refrigeration syseisedto cool drinking water



Furthermorethe study will help us toeduces wastage of pghiable food items such as tomatoes

and the likes

1.6. Organizations ofthe study

Thisthesiscontains six chapter$he firstchapterintroduces brief history abouthatgeothermal
energyis and its applicationas in the case dfheworld andEthiopia In this chapter the problem

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

The second chapter presents the literateweewthat focuses on recent technolaggvelopment

and application of direct use of geothermal enerBurthernore, this chapter contains
discussions on heat transfer and pressure drop characteristics through the tubeebaak, th
properties of some cropand absorption refrigeration system powered by means of different
sources of thermal energy. The third chapexplairs data collection rathod and
thermodynami& mathematicabnalyses used in designingthe components ofirying andVAR

systems respectively.

Fourthchapter of thehesisdividedin to threesulparts containsresults & discussionsf the two
systems Furthermore chapter five containsost analysis of VARS and chaptaix contains
conclusions& recommendationsFinally, References, rBperty tables and charts used in the

thesisare listedat the end

1.7. Limitations of the study

The present studyas limited to the following points:

1 The capital cost of the systeiis high, therefore it was not able to implement and take an
experimental data of the system

1T Data <collected (measured) from ABar si so/ Ch
were for ony three weeks and one day respectively. This was due to high cost and
tiresome transportation to tlaeeas.

1 As was reported in the introduction and literature survey patte@aper, limitations to
find different literaturesand materialselated to trs field of studysomewhatindersthe

study



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 dryingem@ergy 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 energiesSolar 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 simpkt 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 drygricoftaral

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 temperatisreséd 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 chegal activities that cause deterioration in foods.

According toShetet al, (2012) in addition to progressive reduction of installation, maintenance
cost and energy consumptions of low grade energy and environmental friendly ammonia
operated absorption stems, 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 methoes lsaswhich they designed &
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operate, and the research gaps identified through existing systems are explained ona by one
the following subsections of chapter two

2.2. Worldwide Geothermal Energy Direct Application

Direct applications of geothermal sourgkenergy; rather than using indirect applications by
converting to the electrical form of energy, involve immediate use of consisted heat and
according tdSanja et al,. (201 1yifferent types of direct heat use have been technically and
economieally proven during the last centuries. WorksSahja et al,. (2011shown in (Table

1), explains major areas of direct utilization of this energy over 65 countries worldwide in which
thermal energy consumptisareestimated to be at least 162,000yf Which is equals to 45,000
GWhlyr, saving 11.4 millioon of energy every year.

Tablel. Summary of the various worldwidgothermal energgirectuse categories, 199805

Name of direct Capacity, MWt Utilization, TJ/yr Capacity Factor
consumptions type 2005 2000 1995 2005 2000 1995 2005 2000 1995
1. Geothermal hea 15,.723 5,275 1,854 86,673 23,275 14,617 0.17 0.14 0.25
pumps

2. Space heating 4,158 3,263 2,579 52,868 42,926 38,230 0.40 0.42 0.47
3. Greenhouse 1,348 1,246 1,085 19,607 17,864 15,742 0.46 0.45 0.46
heating

4. Aquaculture 616 605 1,097 10,969 11,733 13,493 0.56 0.61 0.39
pond heating

5. Agricultural 157 74 67 2,013 1,038 1,124 0.41 0.44 0.53
drying

6. Industrial uses 489 474 544 11,068 10,220 10,120 0.72 0.68 0.59
7. Bathing and 4911 3,957 1,085 75,289 79,546 15,742 0.49 0.64 0.46

swimming
8. Cooling/snow 338 114 115 1,885 1,063 1,124 0.18 0.30 0.31
melting
9. Others 86 137 238 1,045 3,034 2249 0.39 0.70 0.30
Total 27,825 15,14 8,664 261,41 190,69 112,44 0.30 0.40 041

5 8 9 1

According toNguyen, (2015)the thermal energy required for rice drying system designed in the
FormerYugoslav Republic of Macedong136 kilowatt hours per ton of wet weight, while the

same system for tomato @reecerequiresl450kilowatt hours per ton of wet weight.



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 informaticecbtise of
geotrermal energwptudied bySanja et al.(2011); Nguyen,(2015)shall be given as follows.

A smallscale tomato drying plant (Figure 3) locatedNiea Kessani, Xanthi in Greestarted
operating in 2001. Tomatoes are dried using geothermal hot waté® °& in a 14 m

long rectangular tunnel dryer &f0 m wide and2.0 m high. Similarly, a pilotscale geothermal

drying system for the prdrying of cotton was desigd and tested iNea Kessani, Xanthn

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 economylodiland,where both fresh and drigutoducts

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 mlong and2.1 m high. Each dryer has 36 trays placed in two
compartments with a total capacity450 kgof chillies a 220 kgof garlic.

For the dryer of Thailand geothermal hot water at alB@3C circulates through a croslew
heat exchanget00 mmwide, 500 mmlong and300 mmhigh, enabling a constant air flow of
1.0kg/sto pass through th&0.5 n? drying chamber. fie required air temperatures &@C for
chillies and50°C for garlic, with drying times and hot water flow rates of abéfihours atl.0
kg/sfor chillies, and 94 hours &t04 kg/sfor garlic. The total energy consumedL®.3 MJ/kgof
water evaporated for chillies addb MJ/kgof water evaporated for garlic. This type of dryer has

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

1. Inlet (back
side; not
visible)

2. Fan(back side;
notvisible)

3. Geothermal
heat achanger

4. Compartment
(trays)

5. Outlet

Figure3: Tomatoes loaded on drying racks in Gregganja et al., 203 Nguyen, 2015)
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Figure4: Cabinet dryer for drying chilies and garlic in Thailgihjuyen, 2015)

Water from a geothermal well is used the direct heating of a rice drying plant in the Kotchany
geothermal field invYugoslav Republic of Macedonighe capacity of the dryer (Figure 5)1i6
tonsper hour with a heating capacity 8860 kW Air from outside, which has a temperature of
15°Cand relative humidity 060%,is heated to abo®5°Cin a water teair heat exchanger. The
temperatures of the inlet and outlet geothermal wate72end50°C, respectively. The heated

air is blown into the drying zone to dry the rice, which moves awavds through the drier at
constant velocity. There is gravitation mixing as the grain column moves downwards. The
temperature of the heated air is kept bef®ACto prevent cracking of the rice. The rice is dried

to decrease the moisture content 2 14 %and then akcooled.

A fruit dryer (Figure 6) using geothermal energy was designddibgl and Rangel, (199%)nd
installed in the Los Azufres geothermal fieldNfexica The dryer is4.0 mlong, 1.35 mwide
and2.3 mhigh with concrete walls, a timber ceiling and roof, and a reinforced concrete floor. It
contains two containers wis0 trays each and has a capacity of about one ton of fruit per drying

cycle.

11



Cooling field

Dried rice

Figure5: Convective geothermaice dryer(Sanja et al., 201 Nguyen, 2015)

Energy consumption i$0 kW at a geothermal water flow rate @03 kg/s The drying chamber
is kept at a temperature 60°C and reduces the moisture content of fruit freén 20 %in 24
hours Cascading cahe used to boost efficiency and reduce the cost of producing and utilizing

the geothermal resource.

T F

L | ]

Figure6: Fruit dryer using geothermal energy in Los Azufres, Mexidguyen, 2015)

Indonesia has the greatest potential geothkeresources 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 theKamojanggeothermal field oWestJava 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
tubebank heat exchanger where it is heated before being blown into the drying chamber,
consisting of four trays. The heat transfer rate in the geothermal exchawogerkid/. The air

flow velocity ranges from @ m/s and the drying temperature from@b°C. The drying time

depends on the moisture content of the raw material.

12
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Figure7: Geothermal dryer for drying beans and grgMguyen, 2015)

Example of 6éod drying in developed countrissich asin Western Nevada, United States of
Americg is a largescale onion and garlic drying facilityContinuous conveyor belt dryers
approximately 3.8 m wide and 60 m long (Figure 8) are fed B4AB00 kg/l. 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.

s

Feed conveyor

SECTION A-A

CONVEYOR DRYER FOR VEGETABLE AND FRUIT \

Product

A

grating

Figure8: Conveyor dryefor vegetables anftuits (Sanja et al., 203 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. Adeatbejpyer (batch dryer)

commonly used fodrying grains (Figure 9) consists of a fan that blows air through a geothermal

13



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 bstiagjthe flow
rate of geothermal hot water.

Adr autlat

Girain
Lpreader

Bin roof

Bin wall —3

Grain beve] -

Trardition
duct  Hoeater Elower

FE:E:E O

\-‘HH-'""'-—-—__

Hot water inbat
Perforated floor

Concrete
flaar

Figure9: Batch grain dryer using geothermal enefiyguyen, 2015)

Fish is dried in a twestep process: i) primary drying in a rack tunnel drifeigure 10 or
conveyor dryer (Figurdl) for 24 40 hours at a drying temperature ofi 26°C, to reduce the
moisture content from 80 to 55 percent; and ii) secondary drying in containers for three days at a

temperature of 226 °C, resulting in a moisture content of about 15 percent.

The dryirg temperature of some grains can apprd2@tC, but moderate temperatures i
60°Cwith relative humidity of abou40%is adequate for drying other product. For example, the
drying temperature of coffee berries is abbGt60°C, that for rice must be matained below
40°Cto prevent cracking. The moisture content of dried grains should be in the rahZjel 8f

% to prevent mould growth and spoilage.
14
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Figurell: Conveyor dryer using geothermal energy for fish dryiguyen, 2015)

An example of a largecale industrial operation that uses geothermal energy is seaweed and fish
drying in Iceland Indoor drying has been applied for more ti8nyears 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. AB@gbmpanies across Iceland

dry fish using geothermal hot water and ste@ne company drying seaweed has an annual
capacity of2,000 4,000 tonsusing geothermal hot water, and the drying of pet food is an

emerging industry, with annual production currently al&f@ tons
15



BN ¢ z @XL5)has made investigation on geothermalrggpén VARS and concluded from his
results that geothermal energy sources starting from temperatur€©fdad 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 natirenvironment.

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 greenhousesc 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 geothemwetler 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.

Figurel2 Heating pipeistribution for a soil warming system inside a greenh@Nggiyen,
2015)

Furthermoregeothermal energlgas been used in aquaculture (even in colder climates) in such
way that freshwater exchanges heat with environmental friendly geothermal sowltito

suitable temperature for fish farming as shown in Figure 13.
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Figurel3 Fish farming using geotheahenergyNguyen, 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 les$%hain
electricity, about5.4% of hydrocarbon fuels, and the rest percentrésn 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 agreresidue are consumed annualyn 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 respectilgssu, 2018)Geothermal share is
contributed by the existinGorbetti, Tulu Moye, and\luto Langano Geothermal Pilot Power
Plans (Kebede et a].2010Q.
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The energy conversiogfficiency of geothermal energies is low, at1%%, 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 tatession
package agreed on between the Ethiopian government and the project stakeholders allows for the

development of 1020 MW of geothermal energy at the respectivesgegndwossen, 2017)

As explainedby Kebede & Solomon(2016), Ethiopia has started lortgrm 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 hgrothermal 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 heatthgiamlation systems,
about two dozerAluto-Langanoand Tendaho geothermal fielare judged to have potential for

high enthalpy resource development, including for electricity generation.

According toKebede et al., (2010yetailed geological, geocheralcand 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 LAG6) drilled on Aluto volcano produced 36 and 45 ton per
hour, geothermal fluid at greater th&800 °C along a fault zone oriented in the NNESW
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 Lagano 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 aboutn20@ three
shallow exploratory wellsbout 500m being drilled and yielded a temperature of over Z50

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

deep reservoir is estimated about 20 NKébede et al., 2010).
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Figurel4: One of the discharging wells (L-8) of the AluteLangano Geothermal Field, total
depth and maximum temperature of 2.3 km and 320°C, respediiethgde et al.,2010)

Abaya, Corbetti, Tulu Moye, Dofan and Fantale are more important areas whaembar 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 aflow over
tube bank in cross flow

Heat transfer and fluid flow in tube bundles represents an idealization of many industrially
important processe£ross flow heat exchangers are some of the processes in industry where
through tube bundles @ine andstaggered arrangements of tulassshown in Figure 2%ither

hot or cold fluid flow is supplied. Heat exchangers with tube bundles in fto@sare of a major

operating interest in many chemical and thermal engineering pro¢kstsds 2013).

Ishak, (208B) studied that average Nusselt numid¢ and therefore heat transfer coefficiemt,
increases with an increase in the free stream veld¢ity,the air flow and the heat flux supply.
Average Nusselt number, increases with increase in Reynolds ni¥mbeowever, 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, (201 Atudieddesign of drying cocoa beans and concluded that the temperature during
the drying process in the chamber should be maintained at constant tempeB2i(@ tofavoid
case hardening of the crop. However, this needs additional study as only maintainitgrcham

temperature would not be solution for the problem of case hardening.
19



Figurel5: One of the shallow wells (T45) of the Tendaho Geothermal Field, total depth and
maximum temperature of 516 m and 253°C, respect{dpede etl.,2010)

2.2. Thermal properties of different crops

Quiality of most of agricultural products and cropspecially oily seeflare negatively affected

by amount of moisture they contains and temperature they stored. Thermal properties of crops
depend orthese factors and therefore, they have to be known in order to develop the thermal
processes and equipment needed for storage, drying, heating, and ¢baengt al., 2008)

Some of thermal properties collected for some of agricultural product throifignert
literatures are summarized in Table 2 and more details on this can beifo(®h8HRAE,

(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 mayre by sun but the end product is infested with

dirt (Abdulmalik, (2014) Based orASHRAE, (2006) heat capacity of mature green tomatoes is
approximatelyd = 4.02kJ/kg°C.

Beans

It is a type of agricultural product that is to be consumed in @ligorm as well as processed in
to another form. The processed form of beans, its powder is used to psapasewotin
Ethiopia FromASHRAE, (2006) heat capacity of beans is approximat&ly=3.99 kJ/kd’C.
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According toFirmansyah et al., (2018he critical temperature in drying coffee beanSGsC.

This is because the drying temperature alfi®/&C can lead to physical phenomenon called case
hardening which leads to damage coffee beans. The recommended temperature for drying is
about45 °C andthe heat capacity of coffe@, = 1.4kJ/kg°C.

As per the studies done Bimenta et al.,2018) Siagian et al., (2017drying and storage
conditions, can influence the quality of coffee beans and thereforecovellicted drying can
produce higkgudity coffee. According to their literatures, high moisture content of coffee at
matured stage(60-70%) can be removed using temperatures range 486(°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 alimportant crop which provides an avenue for making various types of foods.
Every part of the maize plant has economic value: the grain, lestals,tassel, and cob can all

be used to produce a large variety of food andfood products.

According toBola et al., (2013)initial moisture content of the matured mairatl specific heat
capacity approximately of 1.8 kJA@) to be dried iS5%and the final desired moisture content
for the maize to preserve without damagd 384 In addition,Arku et al., (2012)studied and
concluded that specific heat capacity of maizéoisid in the range from 1.68812247kJ/kg.
°C.

2.3. Vapor compression versg 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-gappression
refrigeration cycle R-h and Fs diagram shown ifrigure 16) contains four of the steadipw

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/medilitrerefore, to have heat transfer at a
reasonable rate, a temperature difference % should be maintained between the refrigerant

and the medium to be free@oles et al., 2006).
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Another form of refrigeration, which becomes economically attractivenithere is a source of
inexpensive thermal energguch as geothermal, solar, and waste from cogeneration or process
stean), involves the absorption of a refrigerant by a transport medaloso(bent where liquid

is compressed instead of compressing vapal the working principle of this system is discussed

in chaptetthree
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Figurel6: T-s (a) and Fh (b) ideal vapecompression 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 blodkguare 31.

Since mid17" 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 figerant
compounds and 200 absorption compounds have been developed as indicated in the
comprehensive study {grikhirin et al., 2001 Labus et al., 2012Jllah et al., 2013)

Accordingto Labus et al., (2012)n the last three decades following the Nteal and Kyoto
protocol due to increase in depleted are@zaine holethat was being reported as grown from

1.1 knf in 1979 to 22.4m? in 1987 byNASA, (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 depenent.
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Nevertheless, currently the most common working fluids with practical application in absorption
systems are ¥D-NHs; and LiBr-H,O. A waterlithium bromide pair, which has been used in
absorption equipment since 1950s, has the advantages o$dfefly, volatility ratio, affinity,
stability and latent heat. However, the minimum chilled water temperatures in the absorption
system with HO-LiBr is around 5°C since waterefrigerani) freezes at below 0°C and require

very low pressuresracuun).

In other hand, ammoniwater pair, which has been in use since th& déntury is used for
refrigeration applicati on 8 (Labus et &.e2012)dowever, f r om
Corrosive property of ammonia to metals such as copper and copper alossviewed by

Srikhirin et al., (2001andUllah et al., (2013)inhibits the use of copper tubes which is widely
available in the market.

Happening of corrosion when temperature of generator more that€20itation in using for
moving operation (loomotives and fishing boats) because of flowing problem,cantplexity
of its design when ephlegmator (or use of rectifier as ammewater pair is volatile) in the

generator required are challenges over its wide applications as discugsdidtoet al, 2013).

2.4. Vapor absorption system powered by different sources of energy

Based onUllah et al., (2013),35% percent of incident solgrowers falling on a formal
photovoltaic collector generateectricity in a silicordbased 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 reaens that make great attention on thermally driven refrigeration system.

Many authors such a®\nand et al., (2016and Vazhappilly et al., (2013have extensively
analyzed the utilizations of process steam and exhaust gases from engine respectivelizto vapor

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

The results obtained bgjnand et al., (2016show that COP along witlexergy efficiency
increases with the heat source temperature at constant evaporator, condenserpraed abs
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 thermodymic analysis of ammoniaater absorption system using solar
energy done bysrikanth et al., (2012)ndicate 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 Guijji
Zones

These two ethnic groupsere engaged idifferent but complementary economic activities, with
the Guji being agrgnastoralists and the Gedsettled agriculturalists. Their economic activities
and sharing of separate ecological niches enabieh to create a kind of symbiotic relationship
Even in some conflicts, they @xisted by resolvinglisputes locally using customary conflict

resolutions.

Thesetwo Cushitic groupgpeopl e of Giprdaal§ are depend odhseteas their
basic staplen securing degree of fodaut grow mixture of crops such daize, wheat, barley,
haricot beansfruits, coffee and some vegetablgspending on lanélevation(Kanshie, 2002;
Wu, 2018) Open sundrying process of removing moisture is the common traditional drying
method used in these societiesiry 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 damed during the revievs of literature, it can be
concluded as; in order to attain the final required moisture of the agricultural products in the

compartments, astatescan be summarizead to three.

Atmospheric air coming through inlet at stéi¢ with ambient conditions exchanges heat with
hot geothermal sources flowing acrgss260 After convective heat transfer in the crdlesv
heat exchanger {2), heated air then contains enough energy to remove moisture contents of the

products in the dryingompartments in the form of mass transfeB)2s shown in Figure 17

Chilies and garlic dryer of Figure 4 with 10.5° sompartment volume can holds 450 kg of
chillies or 220 kg of garlic. Cross flow heat exchanger occupying the volume of 0.015 m

convets atmospheric air temperature °C for chillies and50 °C for garlic. For this system
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energy rate of 3&kW and 0.98 kW in case of chillies and garlic, respectively should be
transferred from 86C circulating hot source.

1
(AW
1 -
2 3
% g Drying compartment g
VML Geothermal heat
2’ exchanger

Figurel7 The working principle of drying system

Rice dryer of Figure Slesigned for 10 tons with heat transfer rate of 1880 In this area,
ambient air of15°C with 60% relative humidityis heated to abou5°C in cross flow heat
exchangerHot source is changed frond to 50°Cto decrease the moisture content of rice from
20-14 %and then akcooled.

A fruit dryer of Figure 6 designed Hyund and Rangehas the volume of 12.42°*made of
concrete walls, a timber ceiling and roafd a reinforced concrete floor has a capacity of about
1000 kg of fruit per 24 hours and energy rates of 10 k\¢yeathermal water flow rate @&.03
kg/s

One kW of heat transfer in tullblank heat exchanger of beans and grain dryer of Figure 7
operating ageothermal steam from a well, at about 260is used to heat air from atmospheric
conditions to 450 °C. Air flow velocity across cross flow ranges fror®4n/s and drying time

depends on the moisture content of the raw maserial

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 ttiosiing across théank. 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.

25



From above systems it can be concluded that the same volume of compartment can holt differen
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 idéeti from the previous systems that different crops
(agricultural products) require different drying temperaturesadher properties of some of the
products have been discuss@&tiermal properties of agricultural prodigtiown inTable 2 are
basic paranters required in the design analysis of dryer.

It has to be remembered thhairefrigerated space is to be maintainedéstd, for example, the
temperature of the refrigeraim the evaporatoshouldbe maintainedt about 5C (the case of

design of tis pape}.

Table2: Thermal properties of some agricultural products

Thermal properties
No. Croptypes Specific heat, Conductivity, Diffusivity, = Reference(s)

(kJ/kg’C) (W/m°C) m?/s (10°)

1. Tomatoes 4.02 - - Ashrae (2009

2. Coffee 1.4 - - Ashrae (2006

3. Maize 1.6891- 3.2247 - - Ashrae (2009, 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. Bartalyses of dryer powered by geothermal sources of

50°C havenever been done.

Different literatures on the developments of geothermal energy direct applications in Ethiopia
shows that no analysis has been madedifferent types of thermal systems powered by

geothermal energy in the country.
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CHAPTER-THREE
DATA COLLECTIONS AND ANALYSES OF THE TWO
SYSTEMS

3.1. Data Collections

3.1.1. Day and night temperaturedata of hot springs
Although temperature values are the subjects ®fthdy, other measurementaere alsaaken
repeatedly for AiBar si s o oon tarbidity, 8'pcoriductiyisy, afdn e a r
temperature. An instruments/devices used for measurement are shéignrsl8. But, only

temperature measuremenf A Wal | a mevastakemt spri ng

Nephelometer or turbidimetea)(measure turbidity of water iIBNU (Formazin Nephelosgtric
Units), P" meter was used to measure acidity/basicity of wale€¢nductivity, the ability of

—

(b)

“(c)
Figurel8: Instruments used for measurements of water properties
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waterto conduct or transmit heat, electricity, or soundchsicm(millimhos per centimetgKc) as
shown inFigure 18 were used in collecting measurements.

It was measurefrom Barsiso/Chombehat 7.4, 1.2FNU, 111.4 ns/cm, and 54 °C (average
for p”, turbidity, conductivity, and temperatyreespectively. The averge temperature
measurements of Wallanstow that 88.25C of the sourceDaily and hourlytemperaturelata

recorded for these springsdpresented iM\ppendix B4 & B-5 are also shown frorRigure 19-
23.

Day time hourly temperature measurements of
57 "Barsiso/Chombe" hot spring (July 12, 2019)
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Figurel9 Day time temperature measurement of "Barsiso/Chombe™ hot spring

Night time hourly temperature measurements of
"Barsiso/Chombe" hot spring (July 12, 2019)
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Figure20: Night time temperature measurement of "Barsiso/Chombe" hot spring
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Daily temperature measurements'Barsiso/Chombe"
hot spring (June 27uly 17, 2019)
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Figure21 Daily temperature measurements of "Barsiso/Chombe" hot spring for three weeks
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Figure22 Day time temperature measurement of "Wallame" hot spring
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Night time hourly temperature measurementsVdltame
hot spring (August 15, 2019)
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Figure23: Night time temperature measurement of "Wallame" hot spring

3.1.2. Water and meteorological data

Quantifying climatic data have great effect in load calculatiorthe design of thermal systems
such as refrigeratiomir-conditioning and dryingsystem Weatherdata of environment for Dilla
are collected fronMeteorologicalagency and drinking water temperatuneasurements dhe
University are taken foabout three week#Averaged daily temperature data recorded at the
water faucet are given in figugsl.

Daily temperature measurements of "drinking water" in
DU, Odaya'a campugluly 1925, 2019)
38.4
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% 38 db..LYi
< 37.8
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Figure24: 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 temper2@BEC, wind speed).6 m/s and
relative humidityof 58% whereas average temperature of drinking water was &Yl and
tabulated ifAppendices-1 up to B5).

3.2. Thermodynamic analysis of drying system

3.2.1. Heat transferin flow acrosssingle hollow cylinder and tube banks

First part of this project deals with tligesign 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 thragh which hot water is flowingShape of dryeasshown inFigure 25 is selected for

its simpicity in construction and design analysis.

Generally, varking principle is insuchway thatambient air iSorcedto pass across tube bank
heat exchangeand heat transfer from geothermal water to air happened. Now, thesk take
out the moisture fnm crops &gricultural producls placed on sieved shelvinglrying

compartment

Heat transfer coefficients in tubes #fellandtube heat exchanger involve both internal flow
through the tubes and external flow over the tulseghe analysis of both flows is required in

the design of heat exchanger of such type.

Consider the control volume around a single tulith inlet and outlet conditionas shown in
Figure 26 that has elements of internal flow convectidghe( heating watgr external flow

convection €ross flow of air over a tupeand conduction heat transfénrpugh the tube wall

This may be modeled by use of a circuit analogy as applied to the heat transfer relations as
shown inFigure 27, from whichheat transferatemay be computelly equation(1) usinggiven

inlet air & water temperatures and equivalent resistances of an egyatkb)n

1 4 4 12 (1)
2 2 2 2 i )
Air side thermal resistanc2 oT E ! (3)
Wall conducting resistanc2 11— Tc £, (4)

31



Waterside thermal resistancg p¥ E ! (5)

Inlet

Fans

Tube bankgheat
exchanger)
Shelving (trays)
Door

Outlet

Lid (tap)

wnN e

No ok

Figure25: Thethree dimensional viewf drying system

Because of the complexity of the flow patterns, it is difficult to handle analytical investigations
for suchthe flow across tube. This has been studied by numerous investigators and only

correlationdor the average heat transfer coefficients have beeglamdexperimentally

Average Nusselt number correlatioNs! for a flow of different Reynolds number across the
tube, byChurchillandBernsteinas studied byergman et al., (201Bre given in equations {6
8).

T T r 7

.0 ™™ ———— P - 6)

Where, Reynolds numb&g > 400,000and0 is Prandtl numberat mean temperatuye

N g T 7 7
.0 ™ a7 7 7 P - (7

Where,10,000< Re < 400,000
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.0 ™ =77 )

Where, R < 10,000

“In let air (Tin, hin. P{n)'
;——->*"“ "//

Figure26: Control volume for the fluid flow over the tube.

Reynolds number can be calculated as given in equ@)omhere theharacteristics diameter of

cylindrical tubeis to betaken a®uter diameter of the tube
2 6 %u ©)
Where V is uniform velocity of fluid approaching the tutra/s.

D is characteristics diameter anés dynamic viscosity of flowr(?/s).

It is knownthat e boundary layer remains laminar for abBut=2x10 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 cyliadeshown in igure 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 affectddked drag coefficientCp (bothfriction
drag and thepressure dragan be significant). The high pressure at stagnation point and the low
pressure on the opposite side in the wake produtet forceon the body in the flow direction

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

In addition toequationg6-8), enpirical correlations for the averagusselt numbefor forced
convection across the cylindrical tube and-eghndrical stucture,by Zukauskas and Jacpare

given inTable 3.
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Heat transfer surface aréa for single cylindrical tube is as given @guation(11) and the rate

of heattransfehk c an be determined from t he ed&ionfl?d) n s

and the properties of fluid will be evaluated at mean temperatugesen by equation(10).

4 4 4 Tq (10)
I AS$, (11
1 B 4 4 (12

Where,"Y is surface tube temperature®C, Y is air stream temperatuiie °C, 0 is tube length

in m, "Qis average heat transfer coefficiemtV/m>K or (W/m?.°C).

Table3: Empirical correlations for the average Nusselt nuniBeles 2006)

Crosssection of the Fluid Range of Reynolds  Nusselt number
cylinder number correlations
CirclO—'— Gasl/liquid 0.44 Nu:o_gggRgzzqﬁzﬁg
i 4-40 Nu=0.911R&
40-4000 Nu=0.683R&*°P 3
400040,000 Nu=0.193R&%§p /3
40,000400,000 Nu=0.027R&%p
Square . Gas 5000100,000 Nu=0.102R&°"Pr
D
|
Squaro—' Gas 5000-100,000 Nu=0.246R&%Pr"
tilte D
450 A
Hexagon Gas 5000-100,000 Nu=0.153R&%Pr
_
O
1
Hexagon Gas 500019,500 Nu=0.160R&%Pr"
tilted ~— 19,506100,000 Nu=0.0385R&"*Pr'”®
45° O D
- |
vertical —  Gas 400015,000 Nu=0.228R&™'pr
plate I:I D
I
Elipse————  Gas 250015,000 Nu=0.248R&°%%r*
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For examplejf it is given that 10-cm-diameter steam pipe at surface temperatur&l6fC,
passing open area against the winds blowing at a velocgymg§ at 1 atm and 1%C. In order to
determinerate of heat loss per unit lengtlequations (§ (7), and(8) in addition to suitable

correlation fromTable3 can be used.

—Pp0
Tair . . .
outer wall inner wall heating fluid

Figure27: Equivalent resistance circuihalogy

Air properties are evaluated at mean temperaturgO from (Appendix A-1), k = 0.02808
W/m.°C, v = 1.896x10° m?s, Pr=0.7202.Reynolds number becam&: = 4.219x16 and
Nusselt numberNu = 124. Evaluating valuesNu = (hD)/k, h=34.8W/m?.°C and finally,
1 34.83.14)(0.1)(11010)=1.10kW

Note that the equations presentedfar were from the perspective of flow over a single tube.
However, in the case of tube bankse humber of tubes per roM{) must be taken into account

to determine the total heat transfer through that tube row.

Heat transfer to or from a bankr(bundlg of tubes in across flow is relevant to humerous
industrial applications, such as steam generation in a boiler or air cooling or air heating in the air
conditioning systemOne fluid moves through the tubes while the other moves over the tubes in
a perpendicular directiowith velocity V. The geometric arrangement is shown schematically in

Figure28.

We have seen that heat transfer rate from hot fluid in the tube to the air flow across the tube
dependof the Reynolds number of the flow, the Prandtimber of the flow, and a coefficient

that are empirically determined based on the heat exchanger geometry and tube arrasgement
These factors are used to determine the Nusselt nuirteiNusselt number is used to calculate

the convective heat transfeoefficient ) which is used to quantify the heat energy transferred

from the tube wall to aifQ).
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Of the Pur heat transfer model&rimison modified Grimison Zhukauska, and the Kays &
London modelsvhose comparison donen Hammock, (2011)Zhukauskasnodelpublished in
1972 and has been reported to be accurate to within £1béween calculated and measured

value) is selecteds per design of drying sytem

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

from experimental result®ore recentlyZukauska$as proposedorrelations of the form:

~ 38
O — #2 0 — (13)

Where 0 = Prandtl number evaluated at tube surface temperatufe, andl are generic

scalar variabledepend on Reynolds numbsard tube arrangements or bank geometry.

Heat transfer relations based on empirical d@ta both arrangement typesligned and
staggeredl including turbulent phenomenan the correlationssuch as vortexshedding, are

summarizedn 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 dfi¢ neighboring tubes. The extent of modification depends on the

spacing between the tubes.

Due to this reasorthe heat transfeslso differs between a single tube and tube bahks.for

this reason thah correction for the number of tubes in the heathangelis presentedThis
correction is to account for the frerdw tube being coated by a relatively smooth boundary
layer formed by an undisturbed free stream; however, succeksirestream tubes benefit from
augmented heat transfer due ke eddies of the turbulent wake created by upstream tubes
(Hammock, 2011)

Two arrangements of the tubes are aligned and stag@egede 29). If the spacing is very much
greater than the diameter of the tubes, correlations for single tubes can b&assgldtions 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-exbkahger applications.
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As perthe scope of thistudy the heat transferelaions for in-line arrays(aligned tube
arrangemenareused in the analysis of heat transfiéris clear that bat transfer from banks of
tubes depends on the flow conditions, tube geometries, and tube arrangements.

Tubes are usually placed in a shellud the name calledhellandtube heat exchangers
Arrangements of the tubes in the bank are characterized Itsatisverse pitcB , longitudinal
pitch3 , and the diagongitch3 . As the flow enters the bank, the flow area will be reduced

from A1to At between the tubes and thitow velocities increases.

Fluid in cross flow

‘I<_\\/‘| over tube bank
1 o

-l e

Internal flow of fluid
through tube

Figure28: Schematic of tube bank in cross flow
3, (14
! 3 %, (19

In staggeredubearrangement, 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 masgquirement for steady incompressible flow the case of inline
arrangement tube bankand staggered of ¢! I, the maimum velocity is derived
(Appendix A-6) and given inequation(16). Similarly, for staggered tubes arrangemet

¢! I, the m&imum velocity is derived (Appendi&-6) and given irequation(17).
6 68—— (16)
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6 — 6 (17)

As known before,as long asNusselt number and heat transfer coeffigerdalculatedfrom
correlations given in Tabl8 and using equation 18hen heat transfer rate can be determined

from newton law of coolingising equations 19 through.20

~ Transverse flow area(A)

I(a) (b)

Figure29: Aligned (a) and Staggered (b)bearrangemenfree body diagram

Table4: Nusselt number correlations for cross flow over tube banks ferlld and 0.7<Pr <500
by Zukauska (Boles, 2006)

Arrangement  Range of Reynoldsumber Correlations

In-line 0-100 Nu = 0.9R”* Pr%*Pr/Prsy-=
100-1000 Nu = 0.52R" Pr%*%Pr/Prsy<°
10002x10° Nu = 0.27R*®*Pr°3pPr/Prs§*
2x10-2x10° Nu = 0.033R"® Pr®4(Pr/Prs§-*

Staggered 0-500 Nu = 1.04R"** Pro38Prprsf2°
500-1000 Nu = 0.71R°° Pr%*%Pr/Prsy<°
10002x10° Nu = 0.35($/S)*?Re° Pr%*%(Pr/Prs§-#
2x10-2x10° Nu = 0.031($/S) >R Pro*(Pr/Prsy*

However, he average Nusselt number relatiqggresented inTable 4 collected fromBoles
(2006) are for tube banks with6 or more rowsHowever, hose relations can also be used for
tube banks withrows less thari6 provided that they are modifieas given by equation (18)

where correction factd¥ from Boles (2006)for flow with Rg >1000is given in Table 5.
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