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ABSTRACT

INVESTIGATION OF THERMAL PERFORMANCE OF A SOLAR-
ASSISTED HEAT PUMP DRYING SYSTEM WITH UNDERGROUND
THERMAL ENERGY STORAGE TANK AND HEAT RECOVERY UNIT

ISMAEEL, Hatem Hasan
Ph.D. in Mechanical Engineering
Supervisor: Prof. Dr. Recep YUMRUTAS
November 2019
174 pages

The conventional drying systems in the industrial applications have been used for
decades, and consumed a great amount of energy. Since these systems have not been
operated efficiently, they have lost great deal of energy, and cause environmental
pollution. Therefore, innovative, efficient and environment friendly drying systems
need to be developed and operated in these days. In this study, theoretical models for
a Solar-Assisted Heat Pump (SAHP) drying system including underground Thermal
Energy Storage (TES) tank with and without using Heat Recovery Unit (HRU) are
developed, and thermal performance parameters for the drying systems are
investigated. Two different analytical models are developed to find the thermal
performance parameters for the drying system. In the first model, transient heat
transfer problem around the TES tank is solved by using Duhamel’s superposition and
similarity transformation techniques to find hourly temperature variation of water in
the TES tank and the other performance parameters. In the second model, the unsteady
heat transfer problem for the TES tank is solved applying Complex Finite Fourier
Transform (CFFT) Technique to find monthly periodic store temperature and the other
performance parameters. These parameters are Coefficients of Performances for the
heat pump (COP) and system (COPs), Specific Moisture Evaporation Rate (SMER),
annual variation of water temperature in the TES tank, energy fractions for energy
charging, and extraction from the system. MATLAB programs have been generated to
build new models for the drying system. For the SAHP drying system with TES using
the first model, when wheat mass flow rate and Carnot efficiency are selected as 50
kg/h and 40% respectively, the values of collector area, TES tank volume, COP, COPs
and SMER are obtained as 70 m?, 300 m>, 4.2, 4.1 and 6 respectively when the system
attains periodic operation time in fifth year. For SAHP drying system with TES tank
and HRU using the first model, the results for COP, COPs and SMER are 5.55, 5.28
and 9.25 respectively, by using wheat mass flow rate of 100 kg/h, Carnot Efficiency
(CE) for heat pump of 40%, collector area of 100 m* and TES tank volume of 300 m*
when the system attains periodic operation duration from the fifth year onwards for
ten selected years of operation. Annual energy saving is calculated to be 21.4% in
comparison with the same system without using HRU for the same input data. For
SAHP drying system including TES with and without HRU using the second model,
the results reveal that moisture contents in wheat at initial and final states, and wheat
mass flow rate have great effects on system performance parameters. Results also
indicate that using of HRU increases the system performance parameters.

Key Words: Heat Pump Drying, Energy Storage, Solar Energy, Heat Recovery



OZET

YERALTI ENERJI DEPOLU ISI GERI KAZANIMLI VE GUNES ENERJISI
DESTEKLI ISI POMPALI KURUTMA SISTEMININ PERFORMANSININ
INCELENMESI

ISMAEEL, Hatem Hasan
Doktora Tezi, Makine Miihendisligi
Damisman: Prof. Dr. Recep YUMRUTAS
Kasim 2019

174 sayfa

Endiistriyel uygulamalardaki geleneksel kurutma sistemleri, onlarca yildir
kullanilmakta ve bliylik miktarda enerji tiiketmektedirler. Bu sistemler verimli bir
sekilde calistirnlamadigindan, c¢ok fazla enerji kaybedilmekte ve c¢evre kirliligi
arttirllmaktadirlar. Bu nedenle, giinlimiizde yenilik¢i ve c¢evre dostu kurutma
sistemlerinin gelistirilmesi ve isletilmesi gerekmektedir. Bu c¢alismada, 1s1 geri
kazanim tniteli (HRU) ve linitesiz, yeralt1 1s1l enerji (TES) depolu ve Giines Enerjisi
destekli bir Is1t Pompasi (SAHP) ile kurutma sisteminin teorik modelleri gelistirilmis
ve kurutma sisteminin 1s1l performans parametreleri incelenmistir. SAHP kurutma
sistemi; bir kurutma tinitesi, bir 1s1 pompasi, diiz plakali giines kollektorleri, bir yeralti
TES tanki ve bir HRU'dan olusmaktadir. Kurutma sisteminin 1sil performans
parametrelerini bulmak igin iki farkli analitik model gelistirilmistir. Ilk modelde, TES
tankindaki bulunan su sicakligr ile diger performans parametrelerinin saatlik
degisimini bulmak icin, TES tanki etrafindaki gecici rejim 1s1 transferi problemi
Duhamel'in siiperpozisyon ve benzerlik doniisiim teknikleri uygulanarak ¢oziilmiistir.
Ikinci modelde ise, aylik periyodik depo sicakligi ve diger performans parametrelerini
bulmak i¢in, TES tanki i¢in kararsiz 1s1 transferi problemi Karmasik Sonlu Fourier
Doéniistimii (CFFT) Teknigi uygulanarak ¢oziilmiistiir. Bu parametreler; 1s1 pompasi
(COP) ve sistem (COPs) i¢in Performans Katsayilar1, Ozgiil Nem Buharlasma Orani
(SMER), TES tankindaki yillik su sicakliginin degisimi, sisteme aktarilan enerji
oranlar1 ile sistemden cekilen enerji oranlaridir. Kurutma sistemi icin gelistirilen
modeller kullanilarak MATLAB programlar1 hazirlanmistir. Ik modeli kullanan
TES'li SAHP kurutma sistemi i¢in bugdayin kiitlesel debisi ve Carnot verimi sirasiyla
50 kg/h ve % 40 olarak se¢ildiginde, sistem besinci yilda periyodik ¢alisma siiresine
ulastiginda kollektor alani, TES tank hacmi, COP, COPs ve SMER degerleri sirastyla
70 m?, 300 m%, 4.2, 4.1 ve 6 olarak elde edilmistir. Y1llik enerji tasarrufu, ayn1 girdiler
icin HRU kullanmadan ayni1 sistemle karsilastirildiginda % 21.4'iir. ikinci modeli
kullanan HRU igeren ve icermeyen, TES tanki iceren SAHP kurutma sistemi igin,
sonuglar bugdayda ilk ve son durumlardaki nem i¢eriginin, bugdayin kiitlesel debisinin
sistem performans parametreleri tiizerindeki etkilerinin yiiksek oldugu ortaya
cikmaktadir. Sonuglar ayrica, HRU kullaniminin sistem performans parametrelerini
arttirdigini gostermektedir.

Anahtar Kelimeler: Is1 Pompali Kurutma, Enerji Depolama, Giines Enerjisi, Is1 Geri
Kazanimi
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CHAPTER 1
INTRODUCTION

Drying is commonly used for different purposes, like food and wood drying. In drying,
heat and moisture transfer occur simultaneously. Various engineering domains rely on
mass and heat transfer through the usage of different heat transfer media [1]. The
drying process in the industrial applications consumes a great amount of energy.
Drying of grains is a commonly known heat and mass transfer application. Grains have
become a basic source of human food. This fact let researchers to be heavily oriented
toward drying grains in order to preserve them for long periods. Grains can be divided
into three groups; pulses, oil seeds and cereals, including wheat [2]. Due to the
increased demand on wheat, it should be preserved throughout the year. There are
many factors that contribute in preserving wheat for a long term such as maintaining
the moisture content and the temperature of the crop in a convenient climate. The high
moisture content and temperature encourage fungal and insect problems, respiration
and germination. Therefore, reducing the harvest storage temperature and moisture
eventually reduces the likelihood of respiration. The high temperatures of grains must

be accompanied by reduced moisture content [2].

Decreasing moisture levels within stored crops is a requirement, and is attainable via
drying processes [3]. A drying system can be designed for drying of the fresh and
cooked wheat to secure continued production. In recent decades, the heat pump system
has been used for drying applications because it is more efficient than the conventional
drying systems. The main reasons for using Heat Pump Drying (HPD) system are the
ability to control air humidity, drying temperature, and the potential of energy saving
[4]. Energy saving by using HPD system reaches 40% in comparison with using the
electrical heater dryers [5-6]. The drying efficiency may be enhanced by incorporating
heat pump to a conventional hot air drying system [7]. The biggest amount gross
energy (>60%) required for farm corn production goes to the drying process [8].
Drying consumes 9-25% of the overall energy in the industrial nations [9]. There are

many kinds of HPD systems that are used for food or agricultural products drying.



Combining other mechanisms with HPD system has been investigated by many
researchers, which includes solar-assisted heat pump dryer [10-13], air source heat
pump dryer [14-15], ground source heat pump dryer [16-18], heat pump assisted
(hybrid) microwave drying [19-21], chemical heat pump dryer [22], and other hybrid
HPD systems [23-30].

A comparative review of HPD with other commonly used dryers as in Table 1.1 gives
a clear indication of the validity, preference, and high efficiency of HPD used among

all types. HPD can be classified into four main types, as in Figure 1.1.

Table 1.1 Comparison of HPD with other commonly used dryers [31].

Item HPD Hot air drying Vacuum drying  Freeze drying
SMER (kg/kwh) 1.0-4.0 0.1-1.3 0.7-1.2 0.4 and lower
Operating temperature  -10 to 80 40 to very high 30-60 -35 to >50
range (°C)
Operating % RH range 10-80 Varies depending on Low Low
temperature
Drying efficiency (%) Up to 95 35-40 Upto 70 Very low
Drying rate Faster Average Very slow Very slow
Capital cost Moderate Low High Very high
Running cost Low High Very high Very high
Control Very good Moderate Good Good

Heat Pump Dryer

Air Source Heat Pump Chemical Heat Pump I l Ground Source Heat Pump l Hybrid Source Heat Pump J
Single Multi -
stage stage Monovarian Divariant
Chemical Metal Solid
reaction hydrides adsorption

- Organic - Solid-gas Low hysteris Mish metal Direct-fired Indirect-fired
- Inorganic - Liquid-gas intermetallic compound

[Radio frequency hcnlpump] [Inl’mmd heat pump] lMicro“a\cheal pump]
Conventional heat Direct expansion
pump solar heat pump

Figure 1.1 Classification of heat pump dryers [32, 33].

Systems that are more efficient in drying compared to conventional ones should be
used to save energy and decrease pollution. Solar-Assisted Heat Pump (SAHP) drying
systems are a more efficient drying system than the conventional drying systems.

When both solar energy and heat pump are employed for food drying, performance of
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the system will be higher than the conventional drying systems. Underground TES
application can be used to store energy acquired from the flat plate solar collectors.
The utilization of the stored energy by the heat pump in drying applications should be
considered a priority due to fluctuation of fossil fuels prices, environmental impacts,
and anticipated depletion of conventional fossil fuels. Application of the SAHP drying
system by storing of solar energy during the whole year in the form of thermal energy

makes a greater system thermal performance than the other types of the systems.

Due to the multiple advantages of the proposed dryer system, a theoretical model for
SAHP drying system with TES tank is developed in the first part of this study. The
drying system is considered to work during the whole year. The ambient air
temperature and useful solar energy will decline, especially in winter, then waste heat
from the drying unit will increase and system performance go down; therefore a Heat
Recovery Unit (HRU) is proposed to recover the waste heat from the dryer unit,
especially throughout winter. Accordingly, a theoretical model for SAHP drying
system with TES tank and HRU is developed as well, in the second and fourth cases
of this study. The SAHP drying system considered in this study is an environmently

friendly system.

The SAHP drying system comprises of a drying unit, solar collectors, a heat pump and
a spherically-shaped underground TES tank with and without using HRU. Thermal
analysis for all components of the drying system is obtained, and they are combined
with each other to obtain a mathematical model for the new drying system with and
without using HRU. A program prepared in MATLAB is executed by using different
input data to find performance parameters for the drying system using multiple
expressions for the components of the drying system. These parameters are water
temperature in TES tank, Coefficient of Performance of the heat pump (COP) and
system (COPs), Specific Moisture Evaporation Rate (SMER) and energy fractions.
The input data that is used in the simulation model analysis are; wheat mass flow rate,
Carnot efficiency, collector area, TES tank volume, and others.

The purposes of this study are:

e To find a mathematical model for SAHP drying system including spherical TES
tank with and without HRU. Unsteady (hourly) heat transfer problem for TES
tank is solved by applying Duhamel’s superposition and similarity

transformation techniques. The model is obtained using energy expressions for
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each component of the drying system. The model is written in MATLAB
program to find performance parameters and periodic operation situation of
SAHP drying system for 10 years of operation.

e Unsteady (monthly) heat transfer problem for the tank is solved using Complex
Finite Fourier Transform (CFFT) Technique. This model is obtained using
energy expressions for each component of the drying system and written in
MATLAB program to find performance parameters for periodic operation
directly.

This thesis comprises of eight chapters which are arranged as follows:
In chapter two, comprehensive literature review of the research topic is summarized.

In chapter three, an analytical modeling procedure for SAHP drying system utilizing
spherical TES tank with or without HRU is presented. The problem formulation
consisting of a differential equation, boundary conditions and energy balance for the
spherical storage is solved by applying similarity transformation and Duhamel’s
superposition techniques. Then the hourly water temperature in the tank after
expression derivations of heat pump, drying unit, flat plate solar collectors, and HRU

1s solved.

In chapter four, an analytical modeling procedure is presented for predicting the
periodic operation performance of SAHP drying system utilizing a spherical annual
underground TES tank. The problem formulation consisting of a differential equation,
boundary conditions and energy balance for the spherical storage is put into
dimensionless form through incorporating dimensionless variables. Complex Finite
Fourier Transform is applied to the dimensionless form of the problem, and the
problem is solved assuming monthly heat input rates to the storage. By estimating the
solar energy collection, the monthly solar heat gains by collectors is obtained using

utizibility method ¢.

In chapter five, validation results of SAHP drying system with TES tank for space
heating application in the literature are presented in two sections. The first section is
concerned with the validation results of the analysis employing SAHP drying system
and spherical TES tank for space heating using Duhamel’s superposition and similarity
transformation techniques for TES tank for a study in literature. While the second

section is concerned with the results of the analysis using Complex Finite Fourier



Transform (CFFT) Technique and the utizibility method, ¢, to find monthly solar heat
gains by flat plate solar collectors for another study in the literature.

Computational procedures for all parts of this study are performed in chapter six.
Firstly, the procedures for mathematical modeling and thermal performance of SAHP
drying system including TES tank with and without HRU using Duhamel’s
superposition and similarity transformation techniques are presented in two sections.
Next, the same procedures for the SAHP drying system including TES tank with and
without HRU are presented using Complex Finite Fourier Transform (CFFT)

Technique and the utizibility method ¢.

In chapter seven, results and discussions of this study are presented in four sections.
The results and discussions of modeling and thermal performance of SAHP drying
system including spherical TES tank with and without HRU using the models
presented in chapter three are inserted in the first and second sections, while the results
and discussions of modeling and thermal performance of SAHP drying system
including spherical TES tank with and without HRU using the models presented in

chapter four are inserted in sections three and four.

Conclusions of this simulation and recommendations for further study are presented

in chapter eight.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

A drying process consumes intensive energy in the industrial applications, so the
alternative and clean energy should be used because of increase in unit price of fossil
fuels, environmental effects, and human health protection. Storage of solar thermal
energy is crucial in heating systems when an efficient and cost-effective solar energy
utilization can be achieved. Therefore, the great amount of energy demand for drying
process can be decreased by charging of solar energy into TES storage, and the stored
energy being used via heat pump evaporator for drying of wheat in the drying unit.
This chapter deals with comprehensive literature survey on utilization of solar energy
and thermal energy storage with heat pump for heating, cooling, and drying processes

applications.

2.2 Applications on Cooling and Heating Processes

A number of experimental and analytical works focusing on designing, analyzing, and
optimizing TES tank and utilizing it for cooling and heating applications is presented
in this section. Dincer [34, 35] addressed techniques and applications for the
description, assessment, and usage of TES tank. Zogou and Stamatelos [36] analyzed
how climate impacts heat pump system performance in cooling and heating
applications for spaces and found that warmer Mediterranean climate best fits such
applications. Petit and Meyer [37] compared technical and economic aspects for air
conditioning systems between air-sourced and horizontal ground-sourced in South
Africa. They indicated that the ground source system has a higher capital cost while
the air source system has a higher running cost. Nikajima et al. [38] scrutinized the
temperature field in the earth in the cylindrical coordinate system and forecasted the
heat an earth tube can move from an indoor space. Hasegawa et al. [39] experimentally
examined a full scale test house with an earth tube and showed the potential of

enhancing interior thermal conditions in summer.



De Swardt and Meyer [40] conducted a comparative study between simulation and
experimental results of reversible GSHP connected with a network of water pipes
system with a traditional heat pump for cooling and heating. The study revealed that
this is a feasible approach for the optimization of energy exploitation in air-
conditioning purposes. Yumrutas and Unsal [41] developed a computational model
for a heating system used for space heating using hemispherical tank to find periodic
solution of the system. They studied the impacts of ground types around the storage,
collector type, collector angle, collector surface area, and storage size on the heating
system performance. They found that maximum water temperature is reached in
September and November, while the minimum values can be observed during March
and April. Sand earth gives the highest storage temperature and lowest collector

efficiency, while granite gives minimum temperature of water.
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Figure 2.1 Heat pump system with a seasonal hemispherical surface tank type [41].

Yumrutas and Unsal [42] presented an analytical study utilizing thermal TES tank with
a chiller for assessing yearly periodic temperature alteration in the tank and soil
adjacent to the tank. They investigated the effects some parameters, such as water
temperature in the tank, atmospheric temperature, CE ratio, soil kinds, and tank

volume on the COP of chiller. It has been found that water temperature is below
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atmospheric temperature in summer. Higher chiller COP coincides with lower water

and ambient air temperature. Tank volume has a significant impact on the chiller COP.
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Figure 2.2 The cooling system with a hemispherical tank [42].

Hasnain and Alabbadi [43] examined a system that included TES techniques
supplemented with a traditional air-conditioning unit. In this study, they made a
comparison between ice storage and chilled water technologies in Saudi Arabia. They
discovered that the ice storage technology may minimize about 20% of peak power

demand in comparison with traditional systems.

PARTIAL STORAGE-DEMAND LIMITING
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Figure 2.3 Basic thermal-storage operating strategies [43].



Yumrutas et al. [44] used Complex Finite Fourier Transform (CFFT) technique for
resolving the problem of spherical underground TES tank. The heat pump-assisted
TES tank is exploited in house cooling. They revealed that water temperature in the

tank is below ambient air temperature in summer.
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Figure 2.4 The cooling system with a spherical tank [44].
Papanicolaou and Belessiotis [45] conducted an experimental and numerical study of
the flow and heat transport process occurring in a real-scale. For the numerical side of
the study, charging of the tank at a constant flow rate and three various inlet-
temperature histories were considered. The simulation of charging process has been
performed by dynamic models based on the multinode and plug-flow methods in
addition to two dimensional (2D) computational fluid dynamics (CFD). The impact of
turbulence-model choice and water-surface heat losses found to be significant in the
modeling. Wang and Qi [46] analyzed the performance of TES tank in a solar-assisted
ground heat pump system for residential buildings. They indicated that the
performance of such storage relies heavily on the intensity of solar radiation and the
matching between the volume of water tank and solar collector’s area. For the case of
Tianjin, the efficiency of underground thermal storage based on the total solar
radiation and absorbed solar energy may range from 40% and 70%, respectively. The
range of 2040 L/m?is a reasonable ratio between the volume of the tank and collector

area.
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Figure 2.5 Principle diagram of SGCHPS [46].

Sarbu and Sebarchievici [47] reviewed GSHP systems for cooling and heating of
buildings. The various hybrid ground-couplet heat pumps (GCHP) systems for cooling
or heating, which are prevalent in buildings, are described. It is shown that the energy
saving potential is significant by utilizing GSHP for both cold and hot weather areas.
Xu et al. [48] reviewed available technologies in seasonal thermal energy storage.
They focused on three technologies for seasonal heat storage: sensible, latent and
chemical storage. Latent heat and chemical technologies store more energy than
sensible ones. Navarro and Gracia [50] reviewed and integrated thermal storage
systems in building designs to solve the problems of limited space for installations in
these buildings. They classified them according to the thermal storage system location.
Soni et al. [51] reviewed the current status of hybrid GCHE systems with passive
renewable systems for space heating/cooling. The paper explains that earth air heat
exchanger (EAHE), GSHP, and various passive techniques are commonly utilized in

space heating/cooling.

Rui Fan et al. [52] studied cool injection and extraction performance of borehole cool
energy storage for ground coupled heat pump system. For the purpose of addressing
the low performance of GCHP system in summer in cooling-load dominated areas,
BCES, that utilizes soil for storing and exchanging energy, was joined with hybrid
GCHP systems to realize effective heating and cooling of constructions. When GHE

is compared with BCES, it is found that more cool energy may be supplied for
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constructions peak hour demand due to injecting cooling energy. Based on the model
of combined heat conduction and heat advection for BCES, a strategy for diurnal cool-
injection and extraction for BCES in summer has been worked out for pinpointing the
enhanced thermal functioning of the hybrid GCHP systems. The impact of borehole
depth and spacing has been shown for hybrid BCES and GCHP systems to be helpful
in minimizing the necessary borehole area, in extenuating peak power load, and

enhancing operational efficiency.

Jongmin Choi et al. [53] contrasted the operation of R22 against R744 SGHH pumps
based on heat source settings. The efficiency of solar collector in R744 SGHH pump
is 4.1% greater than that in R22 one. Furthermore, the heating ability of the R22 was
10% greater than that of the R744. The efficiency of solar collector systems has been
higher in the R744 hybrid heat pump in comparison with R22.

Feed water
Solar collector e Hot water Compressor

L

Evaporator

!
|

Ground heat
exchanger

Indoor heating unit(FCU)

Figure 2.6 Schematic diagram of the hybrid solar-geothermal heat pump system [53].

Sebarchievici and Sarbu [54] developed an energy-operational optimization tool for a
GCHP system through inserting a buffer tank between the heat pump and fan coil and
consumer supply by relying upon quantitative adjustments with an adjustable speed
circulating pump. After that, experimental calculations were employed for testing the
functioning of GCHP system, in various operating settings. Energy efficiency and CO>
emissions were both calculated for one operation month through utilizing both

classical and optimized adjustments of the GCHP system, and a comparative account
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of these functioning with the assistance of TRNSYS software, two simulation models
of thermal energy consumption in heating, cooling and domestic hot-water operation.
The simulations were contrasted against experimental data, resulting in good

agreement. Therefore, simulation models have been validated.
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Figure 2.7 Schematic of the experimental GCHP system [54].

Chengchu Yan et al. [55] investigated seasonal cool storing systems according to
separate type heat pipe for durable indoor cooling. Seasonal cold storing is very
effective and environmentaly-friendly method that utilizes natural cold energy stored
in winter (such as snow, ice or cold atmospheric air) for free-cooling in summer
without utilizing any energy. This energy is converted as chilled water for cooling
supply in summer that reduces chiller running time and the associated electricity load
and gas emissions significantly. The impact of various factors, including weather data
and the main parameters of heat pipes, on the charging of the cold storing systems are
scrutinized. The success and sustainability of the proposed system are illustrated in a

case study of a kindergarten building in Beijing.
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Figure 2.8 Schematic of the seasonal ice storage system using separate heat pipes

[55].

Zhang et al. [56] studied operating functionality in cooling mode of a ground source
heat pump of approximately-zero energy building in the cold area of China. Simulation
results indicated that the heating, cooling, and lighting demands in this building may
be minimized to 25 kWh/m?yr through utilizing high-performance envelopes and
hybrid renewable energy system. Heat pump COP may reach 5.0 in cooling operation

strategy.
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Figure 2.9 Schematic diagram of energy system [56].

Yanshun Yu et al. [57] developed a novel integrated system with a cooling storage in
soil and ground-coupled heat pump. In such a system, the humid soil is used as a
material for cooling storage, while pipes are used in cooling storage devices and
geothermal heat exchangers at the same time. In seasons requiring cooling, the energy
is stored in soil during the off-peak times and later extracted for indoor cooling during
the on-peak times. In other seasons, however, the system functions as a ground-
coupled heat pump for heating or cooling. It was revealed that the charging inlet
temperature, tube diameter, moisture content of soil and pipe distance are crucial for

illustrating cyclic performance of the integrated system.
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Figure 2.10 Schematic of the integrated system [57].

Pahud [58] & MeliB and Spdte [59] investigated systems combining a seasonal
thermal storage with a solar assisted heat pump. Storing solar energy during summer
and utilizing it for indoor heating purpases in the winter has been the subject of many
investigations. Yumrutas et al. [60] used analytical and computational models to
predict yearly periodic performance of solar-assisted GHPS for indoor heating with a
cylindrical tank. They studied a tank immersed in various types of soil. It was indicated
that the soil type has little impact on yearly energy ratios and there were bigger impacts

on storing temperature and on yearly heat pump COP.
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Figure 2.11 The cooling unit with spherical water tank [60].

Yumrutas and Kaska [61] experimentally analyzed indoor heating systems through
exploiting a heat pump with daily storage of solar energy. They indicated that yearly
COP ranged between 2.5 and 3.
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Figure 2.12 A heat pump, solar collectors, a storage tank, and a house heating [61].

Inalli et al. [62] proposed an analytical and computational model for gauging the yearly
periodic functioning of a SAHP system with TES tank. Inalli [63] investigated a
theoretical study of a SAHP system with spherical TES tank. He resolved the problem
of unsteady heat transfer around TES tank through using a finite difference method

and CFFT technique by taking into account the yearly periodic functioning. He
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indicated that the heat load, collector area, and tank volume were the extreme
significant influencing factors. Ucar and Inalli [64, 65] employed the finite element
method to analyze TES tank used with solar heating system using a MATLAB
program. They observed an elevation in the water temperature when collector area was

increased and storage volume decreased.

Chung et al. [66] adopted TRNSYS for forecasting thermal functioning and economic
feasibility for central solar system to be work assisted seasonal storage. They found
that the total heating load can be covered by a 39% solar energy with using 184 m? as
collector area and 600 m> of storage volume for the system. Nordell and Hellstrom
[67] obtained a solar fraction of 60% for a 90 single-family housing complex having a
1080 MW h total heat demand, a supply temperature of 30 °C, and 3000 m? of solar
collector area. Wang and Qi [68] examined the functioning of a SAHP system with
TES tank for a housing unit. It was found that the efficiency of the TES based on total
solar radiation and absorbed solar energy by collectors may contribute to 40% and
70%, respectively. Wang et al. [69] experimentally investigated a SAHP system with
seasonal TES tank used in housing units in Harbin. It was concluded that solar
collectors contributed 49.7% of total heating output in the heating modem, and the
average COP and COPs were 4.39 and 6.55, respectively. The system COP recorded
21.35, when starting of heat pump was not necessary, in the cooling mode. The heat
pump extracted the stored heat from soil about 75.5%, following twelve months of
operation. The rise in heat raises soil temperature, which in turn raises COP. Qu et al
[70] approached the designing, installing, modeling and evaluating a solar thermal
indoor heating and cooling system. It was revealed that such a system may contribute
up to 20% of the heating and 39% of the cooling loads. Yumrutas and Unsal [71]
developed an analytical model for a SAHP system with TES tank for space heating.
They found that this type of heating system can reach periodic situation in 5-7 years.
It was also found that water temperature has a proportional relation with collector area

and tank volume.
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Sweet and McLeskey [72] focused on an underground-fabricated SSTES bed.
TRNSYS has been exploited for modeling and simulating the winter thermal load of a
typical Richmond home, Virginia, USA. The optimization of the SSTES scheme
showed that a 15 m? bed volume, 90% of the south facing roof, and a flow rate of
11.356 Ipm through the solar collectors were optimal values. The total efficiency of
the system was 50% to 70% in comparison with the total energy gain of the solar
collectors. The total efficiency was between 6.1% and 7.6% in comparison with the
total amount of solar radiation incident upon the solar collectors. Attar et al. [73]
adopted TRNSYS simulation for assessing the functioning of SWHS for greenhouses
for Tunisia weather. It has been found that, when tank volume is raised, the
temperature at the collector outlet declines. Furthermore, high flow rate reduces the

stratification and maximizes system effectiveness.

Calise et al. [74] developed a model for stimulating and optimizing a new solar
trigeneration system. This model is developed to provide electricity, indoor heating or
cooling and domestic hot water for small housing units. The study concluded that
thermal and electrical efficiencies are up to 40% and 10%, respectively. The COP
resulted above 4 for both heating and cooling modes. For the base case, a Simple Pay
Back period of 5.36 years was found; such index decreases to 2.33 years in case a
capital investment incentive of 30% is available. Chen and Yang [75] conducted a

numerical simulation of SAGCHP system that can supply both indoor heating and
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domestic hot water. Optimization is carried out on the TRNSYS based platform
through the simulation of the impact of solar collector area on the total borehole length
and system performance. Results indicated that the optimized system under the
particular load settings has a collector area of 40 m?and a borehole length of 264 m.
Yearly overall heat extraction plus 75% of the hot water load may be supplied by solar
energy in the optimized design. Chow et al. [76] developed a SAHP design for water-
heating and indoor swimming pool space uses. It was concluded that the total system
COP may record 4.5, and the fractional factor of energy saving is 79% in comparison
with the traditional energy system. The economical payback period is less than 5 years.
Xu et al. [77] indicated that 2304 m? solar-heated greenhouse supplied with a seasonal
thermal energy storage system in Shanghai, east China. This system uses 4970 m® of
underground soil to store the heat generated by a 500 m? solar collector in non-heating
seasons through U-tube heat exchangers. It was found that in the first operation year,

331.9 GJ was charged, and 208.9 GJ was later extracted for greenhouse space heating.

Solar r'»!l 2ction subsys 1’nn:

; %

1r|ri5

Figure 2.14 Schematic diagram of a solar heating system with seasonal TES [77].

Moon and Choi [78] in their study focused, on earth-contact concrete elements that are
already required for structural reasons but that simultaneously work as heat
exchangers. Pipes, energy-piles, and energy-slabs filled with a heat carrier fluid are
installed under conventional structural elements, forming the primary circuit of a
geothermal energy system. It has been found that the minimum COPs for the energy-
pile and energy-slab system were 4.2 and 4.5, respectively. Karacavus and Can [79]
investigated thermal and cost analysis of seasonal TES storage system in Thrace.

Optimum collector area for the heating system has been determined. Total heat
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Figure 2.15 Installation scheme of the system [79].

Mahfuz et al. [80] experimentally studied; shell and tube TES system using paraffin
wax was used in a water heating system to analyze its performance for solar water
heating application. Life cycle costs were calculated for different flow rates of the Heat
Transfer Fluid (HTF) with 0.033 kg/min and 0.167 kg/min flow rates of water as HTF,
and energy efficiencies experienced were 63.88% and 77.41%, respectively, but in
exergy analysis, efficiencies were observed to be about 9.58% and 6.02%,
respectively. The total life cycle cost was predicted to be $ 654.61 for 0.033 kg/min
flow rate, which could be reduced to $ 609.22 by increasing the flow rate to 0.167

kg/min. Therefore, the total life cycle cost decreases with the increase of flow rate.

Kuyumcu et al. [81] investigated the utilization of waste heat rejected from a chiller
used for ice rink application and storing the gained energy in a spherical TES tank,
which is used with a swimming pool heating system. They indicate that five to seven
years are necessary for the swimming pool heating system to attain periodic operation.
The results also reveal that, the performance of heating system reaches optimum at ice

rink surface 475 m? with swimming pool 625 m.
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Tutumlu et al. [82] investigated thermal performance of an ice rink cooling system
with underground TES tank. They found that five to seven years are enough for the

system to attain periodic operation.

S
p : &
e <
Compressor
O B m| |
Air C Sl C Building
J
Earth K y
Ice rink

T(r,t)

Figure 2.17 Ice rink cooling system with TES tank [82].

2.3 Drying Applications

There are many types of heat pump drying systems that are used for food or agricultural
products drying. Combining other mechanisms with HPD system has been
investigated by many researchers. Adapa et al [83] developed a simplified procedure
for performance modeling of a low temperature heat pump coupled with a continuous
cross flow bed dryer. Both outside heat and mass transfer coefficients at the evaporator
and condenser coils have been taken into consideration as critical factors that regulate
the transference of energy between the heat pump and dryer unit. A re-circulating heat

pump continuous bed dryer system has been developed, built and tested in the field by
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[84]. The results have shown that aerial plant products share drying properties,
meanwhile root plant products vary in their drying rates as a result of the wide gap in
their sizes, shapes and physical configurations. The re-circulation made by the heat
pump dryer led to 22% energy saving and 65% less time required for drying in
comparison with traditional dryers that have built-in electric coil heaters. A type of
solar air collector and air-to-air heat recovery modules have been incorporated into the
infrared dryer for the sake of minimizing specific energy load [85]. The heat recovery
unit may contribute to 23-28% of the entire energy requirement. Exergy analysis
approach has been employed to gauge system performance and the process [86]. The
impacts of the temperature and velocity of drying air on the performance of the drying
process have been reviewed. The real coefficient of performance was 2.37 for the HP
unit and 2.31 for the whole system. The compressor has been shown as the key part of
the system that enhances the efficiency. Exergetic efficiency of drying olive leaves
ranged from 67.45 to 81.95%. It has been shown that they rise when the temperature
of drying air falls and when the velocity of drying air rises. Moreover, during the
operation of air-source heat pump in low temperatures, evaporator’s surface
temperature may drop to under O °C and lead to frost formation and accumulation,
which might decrease performance. [15]. It also negatively affects air source heat
pump. A solar energy system with a thermal storage has been developed by [13]. The
solar energy may comprise up to 43% of the over-all drying load. Wang et al. [11]
experimentally investigated the system of solar-assisted heat pump drying for mango
in which a new drying system with a secondary heat restoring has been developed with
the ability of operating autonomously in solar drying and heat pump drying method,
or operating in a combined mode. A heat pump evaporator and a heat exchanger have
been embraced to restore the heat lost from the exhaust moist air from the drying
chamber to maximize energy efficiency. The efficiency of solar-assisted drying mode
proved 6% greater than the heat pump drying mode and it saved 3.5kWh. Performance
coefficients were 3.69 and 3.48 for solar-assisted heat pump mode and heat pump
drying mode, respectively. The typical efficiency of heat exchanger for restoring lost

heat may reach 41.7% throughout the entire operation.

Naemsai et al [12] inspected the performance of SAHP drying with heat restoring to
minimize thermal energy required to dry chili peppers. The dryer assigned for the

experimental part [12] is made up of a heat pump, multi trays, and a greenhouse cover.
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The study has shown that the SAHP drying with restoring heat led to a better drying
performance than conventional dying approaches. The dryer system may offer
coefficient of performance, drying time, efficiency, and specific energy consumption
of roughly 3.17, 24 h, 33.2%, and 2.21 kWh kg'l, respectively. Moreover, the SAHP
drying with heat restoration contributed to a better drying performance than the SAHP
without heat restoration although there was alteration in the ambient condition.
Drawing upon the economic indexes, the recovery period and net present value of the
SAHP drying with heat recovery was roughly 1.9 years and 915.60 USD. The SAHP
drying system is preferred for chili peppers because the rates of heat and mass transfer
are high, and it is capable of working throughout nighttime and daytime [12]. A couple
of heat pump cycles; multitemperature cascade cycle, and combined single-stage
cycle, have been recommended to tackle the aforementioned shortcomings in drying
process with large temperature lift [87]. The impact of various operation variables on
heat pump cycles have been studied to develop an optimal cycle performance. Then,
the aforementioned cycles in addition to a traditional cascade cycle, a bi-stage
compression cycle, and a mono-stage compression cycle have compared to highlight
cycle performance and drying performance in specific drying settings. The results have
shown that the COPs of the multitemperature cascade cycle and combined mono-stage
cycle are about 95% and 88% higher than that of the mono-stage compression cycle,
respectively. Regarding the bi-cascade cycles (i.e., traditional cascade cycle and
multitemperature cascade cycle), 49% more water evaporation with identical power
may be produced through adding condenser and evaporator. Among the five cycles
being examined, the multitemperature cascade cycle was found to be the optimal for
retrofitting the drying equipment with large temperature lift [87]. Mohanraj and
Chandrasekar [88] investigated chili drying via an experimental study on indirect
forced convection solar dryer integrated with different sensible heat storage materials.
Performance of a forced convection mixed mode solar dryer with thermal energy
storage was experimentally analyzed by Baniasadi et al. [89]. During the experiments,
they found that fresh apricot slices can be dried at different working conditions.
Another experimental study was conducted by Sevik et al. [90] using a solar-assisted
heat pump drying system with flat plate collectors for drying of mushroom. System
coefficients performance (COP) were calculated as values in a range from 2.1 to 3.1
using experiment results. They also found that SMER values ranged between 0.26 and

0.92 kg kW h'l. Another experimental analysis using heat pump assisted solar air
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collector was carried out by Sevik [91] where four different vegetables were dried
under different climatic conditions. He obtained COP of the drying system between
1.96 and 2.17 and SMER values between 0.03 kg kW h''and 0.46 kg kW' h'! for the
vegetables.

Rahman et al. [92] studied economic optimization of evaporator and air collector area
of a solar-assisted heat pump drying system. They revealed that this drying system has
sufficient amount of savings during the life cycle with a minimum payback period of
about 4 years. Sevik [93] designed and manufactured a new type of solar-heat pump
dryer by using double-pass solar air collector, heat pump and photovoltaic unit. He
indicated that the calculated thermal efficiency of double-pass collector ranged
between 60%-78% based on experimental results. He observed that this system can be
conveniently ran through skipping the heat pump under normal ambient air conditions.
Aktas et al. [94] compared experimental results of a heat pump dryer and an infrared
assisted-heat pump dryer to determine the energy and exergy efficiencies of dryers.
They indicated several variations, including energy efficiency (5.3- 50%), COP of the
system (2.11-2.96), and exergy efficiency (31.6% - 66.8%). Qiu et al. [95] performed
an experimental study to obtain performance and operation mode analysis of a heat
recovery and thermal storage solar-assisted heat pump drying system. They have
shown that coefficient of performance of the drying system ranged from 3.21 to 3.49,
and that payback periods for drying radish, pepper, and mushroom in the life span of
the system were 6 years, 4 years, and 2 years, respectively. Ringeisen et al. [96]
investigated the drying of tomatoes by adding a concave solar concentrator build from
low cost to a typical Tanzanian solar crop dryer. They found the concentrator reduces
the drying time by 21% in addition to reducing relative humidity and increasing
internal dryer temperature. Singh et al. [97] used variable ambient and solar conditions
in different months to investigate thermal performance of the packed bed solar heat
storage system. They developed the packed bed and compared with packed bed filled
with phase change material. They found the developed packed bed possesses a better
efficiency. The solar collection and heat retrieval efficiency of heat storage system
ranged between 36-51% and 75-77%, respectively. Mohanraj [98] studied the
performance parameters such as COP, SMER and condenser heat capacity of a solar-
ambient hybrid source heat pump drier for copra drying in hot-humid weather
conditions. He used different heat capacities for condenser between 2900W and

3750W. The calculated value for SMER was 0.79 kg/kWh. The moisture content (on
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wet basis) of the copra was reduced from about 52% to about 9.2% and 9.8% in 40 h
for trays at bottom and top, respectively.

However, searching the literature about the Solar Assisted Heat Pump (SAHP) drying
system reveals that there are no previous studies related SAHP drying system with
Thermal Energy Storage (TES) tank and Heat Recovery Unit (HRU) for long-term
operation period. The SAHP drying system can be used in different industrial
applications with the TES tank and HRU during all seasons. The first originality of the
proposed drying system is the utilization of energy stored by solar collectors in
underground TES tank with SAHP drying system. During all seasons, the heat pump
extracts the solar energy stored in the TES tank. Incorporating higher heat supplies
produced by solar collectors and stored in TES tank result in higher performance
parameters such as coefficient of performance (COP) and Specific Moisture Extraction
Rate (SMER). The second originality of this system is finding the performance
parameters for the new drying system on hourly basis for long terms. Using HRU with

SAHP drying system and TES tank increases performance parameters of the system.

Due to the multiple advantages of the proposed drying system, a theoretical model for
SAHP drying system with underground TES tank and HRU is developed in the present
study. The drying system comprises of a drying unit, HRU, solar collectors, a heat
pump and an underground TES tank. Thermal analysis for each component of the
drying system is obtained, and they are combined with each other to obtain a
mathematical model for the new drying system. A computational model based on the
mathematical model has been developed, and a program prepared in MATLAB is
executed by using different input data to find performance parameters for the drying
system. These parameters are temperature of water in the TES tank, Coefficient of
Performance of the heat pump (COP) and system (COPs), Specific Moisture
Evaporation Rate (SMER), and energy fractions.
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CHAPTER 3

MATHEMATICAL MODELING OF A SOLAR-ASSISTED HEAT PUMP
DRYING SYSTEM WITH UNDERGROUND THERMAL ENERGY
STORAGE TANK AND HEAT RECOVERY UNIT

3.1 Introduction

This chapter presents the mathematical modeling of a Solar-Assisted Heat Pump
(SAHP) drying system including TES tank with and without Heat Recovery Unit
(HRU) to predict its long-term performance in both cases.
The cases are:

e Mathematical modeling of a SAHP drying system with TES tank.

e Mathematical modeling of a SAHP drying system with TES tank and HRU.
In order to find the hourly, monthly, and yearly performance parameters for 10 years
of operation, a theoretical model using Duhamel’s superposition method for TES tank
and multiple expressions for other components of the drying system is developed to

obtain the performance parameters.

3.2 Description of the Drying System (Case 1)

The wheat drying system under study is an environment-friendly drying system since
it obtains a great amount of its energy from solar energy charged in the TES tank. The
system is considered to be installed in Gaziantep (37.1°N), Turkey. The scheme of the

drying system is shown in Figure 3.1.
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Figure 3.1 Schematic of the drying system with underground TES tank (1% model).

The most important part of the drying system is the dryer unit since drying the wheat
or evaporating the water in the wheat is performed in the dryer unit. It is considered to
be in cylindrical in shape. Wet product enters the dryer unit from the top and moves
slowly towards the bottom. At the same time, fresh air comes to a heating channel and
is heated via condenser. The hot air is pumped by a blower from the bottom of the
dryer unit, and moves toward the top of the unit by contacting the product. During this
process, the water in the product is evaporated and exit with the air. The exiting hot
air from the condenser passes over moist wheat in the drying chamber to evaporate

undesired water available in the wheat and transfers it to the environment.

Heat pump is another essential part of the drying system. It works as a heat transformer
from the TES tank to the dryer unit. It is known that heat pumps are energy efficient
devices, and ground source heat pumps (GSHP) are much more efficient than the air

source heat pumps. Therefore, GSHP is used in the drying system. Utilizing this type
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of heat pump in the drying system can supply much more energy for drying air than
conventional drying air system since the GSHP coupled with the TES tank supplies
higher energy for less temperature fluctuations. Heat is absorbed from the water in the
TES tank by the refrigerant flowing through evaporator of the heat pump cycle. The
energy extracted and transferred by the compressor is rejected from the condenser of
the heat pump to the drying air. The heat pump operates in order to provide the heating
requirement of the wheat and evaporate the water present in the wheat throughout the
year.

The solar collectors are considered to be used in the drying system. They absorb solar
energy and charge it to the TES tank throughout the entire year. They operate when
exposed to useful solar energy. Otherwise, water in the cycle between collectors and

the TES tank will not be circulated.

The TES tank is the heart of the drying system. Spherical tank is considered to store
solar energy as sensible heat in the water present as a storage medium in the tank, and
buried under the ground. It stores solar energy by circulating water between collectors
and the tank during all seasons and gives the stored energy to the drying unit during
the whole year by using the heat pump. Bigger volume is necessary for long term
storage of solar energy, and to get benefit from it particularly in winter. Therefore, a
large scale TES tank is used to collect more solar heat needed for the wheat drying

process.
3.3 Mathematical Modeling of a SAHP Drying System with TES (Case 1)

The system consists of four main parts which are wheat dryer unit, a heat pump, flat
plate solar collectors and an underground TES tank.

The expressions or energy models for the system components are defined to obtain
mathematical modeling for the components. These models are for the drying unit,
ground coupled heat pump, underground TES tank, and solar collectors. Mathematical
modeling will be obtained by combining these expressions. In this chapter, the

expressions will be given in detail.
3.3.1 Drying Unit

The dryer unit is used to evaporate moisture from wet wheat, which is shown in Figure

3.2. There are four main interactions in the drying unit; influx of drying air from
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condenser to drying chamber, exit of moist air after evaporation of moisture from the
unit, input of wet wheat from top of the dryer and output of dried wheat with moisture

lowered to the desired level.

moistair f| )

Wet product ——p

Figure 3.2 Drying unit.

Mass and energy balances may be formulated for the dryer unit by considering it as a
control volume. Mass balances for the dryer unit may be expressed for product or

wheat, dry air and water as:
my,, = m, = m, for the product and m,, = m,, = m, for the air
wyMmg + My, = wsm, +m,, for the water (3.1)
or Eq. (3.1) can be rearranged as follows:
my,, =m,, —m,, = mg(w; — w;) (3.2)
The dryer unit is assumed to be insulated. Under this assumption, an energy balance
may be expressed for the drying chamber as follows:

Titg hy + 1y hp, + T, by, = 1itghs + 1 iy + 70 By (3.3)

Where m,,, m,,,m,,, and w are the mass flow rate for evaporated water from the
product, mass flow rates of water in the product at states 4 and 5, and humidity ratio,
respectively.

The enthalpy of the moist air is equal to total individual partial enthalpies of the dry

air and water vapor. Thus, the moist air enthalpy may be formulated [99] as:

h=he+oh, (3.4)
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Where hg refers to the specific enthalpy of saturated water vapor, and h, refers to the

specific enthalpy of dry air at the mixture temperature. The specific enthalpy of the

dry air is:
ha = Cp Tino (3.5)
The enthalpy of the moist air may be given as follows [100].
h = 1.006 T, + (2501 + 1.86 Ty, w (3.6)

Where Ty, is dry-bulb temperature of the moist air. The specific enthalpy of the

product or wheat in the energy balance may be written as below:
(hps = o) = Cp e (Ts = Ta) (3.7)
Therefore Eq. (3.3) can be written as the following expression:
ta(h, —hg) = my Gy (Ts = Ta) + Qevap (3.8)
Heat transfer caused by phase change is:
Qevap = M hyg (3.9)

Where hg, refers to latent heat of water evaporation at the average temperature, Ty, =
(T4 + Ts)/2, m,, is mass flow rate for evaporated water from moist wheat, m,, is mass

flow rate for dry wheat, T, and T5 are wheat temperatures before and after the drying

process respectively.

The specific heat of wheat kernel offered by Kazarian and Hall [101] can be used:

C

Pwheat

= 1398.3 + 4090.2 ( Mp ) (3.10)

1+Mp

Where, M, refers to moisture content of wheat on a dry basis (kg water/kg solid), and

W,4—-Wg
A

Mp = ( ). W, refers to pre-drying weight, and W5 refers to post-drying weight.

Another equation is used to find the weight of the material after the drying process as

follows [2]:

(MCy—MCs)

We =W, — [W4 e 3.11)

Where MC, and MCs are moisture contents of the product on wet basis at states 4

and 5, respectively.
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3.3.1.1 Fan Power Calculation

Fresh air is firstly is taken from atmosphere by a fan and is heated by the heat pump
condenser, then sent to the dryer unit to evaporate water from the moist wheat. The
fan is necessary for this operation. Pressure loss should be firstly calculated to find the
energy requirement of the fan. For that reason, pressure loss of the air flowing over an
air-cooled condenser is calculated. In the condenser, there may be heat transfer with
three phases, which are desuperheating, condensing, and subcooling [102]. The

condenser heat transfer area is:

Qy = U,A, ATy, (3.12)
_ Qu
Ao = Goar (3.13)

Where U, is the overall heat transfer coefficient of the condenser. It is necessary to
find overall heat transfer coefficients for refrigerant and air sides to obtain heat transfer
area of the air cooled condenser.
The heat exchanger geometry is given in Table 3.3. There are two surface areas for the
air-cooled condenser; desuperheated and condensation area.
A, = Adesup + Acona (3.14)

The overall heat transfer coefficient, U, is a function of air side, tube conductance, and
refrigerant side resistances [103]:

1 _ 1 + D; ln(;—‘z) 1

Uo hi(%) ZkW(%) hoo

where D;, D,, 1i, 1, ,h;, h,, k,, and n,, are the inner and outer diameters, inner and

(3.15)

outer radii of tubes, heat transfer coefficients of air and refrigerant, thermal

conductivity of tubes wall, and overall surface effectiveness of air side, respectively.

:_ - g_ (1 _ j_f) (3.16)
po=[1-G-n) 2] o

Where Ay is fin area, and 7y is fin efficiency. To evaluate efficiency for a rectangular

fin, the following equations are used:

__ tanhml

Nrg =

(3.18)

ml

,2h0
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Wherel, k¢, 65 are length, thermal conductivity, and thickness of the fin respectively.
Equation (3.15) may be applied to the air and refrigerant sides to find the U, value for
the condenser [104]. Accordingly, the outside area for the condenser is calculated at
minimum temperature of Gaziantep city. The correlation obtained by Icropera and De

Witt [105] is used for single-phase in the superheated and subcooled regions.

(g)-(ReD—IOOO)-Pr

Nup =
b 1+12.7(£)0'5-<Pr§—1>

(3.20)

Where f is the friction factor, and it is calculated for smooth tubes by using the relation

[105]:
f =(0.79 InRep — 1.64) 72 (3.21)

Equation (3.21) is valid for 0.5 < Pr < 2000 and 10* < Rep, < 5 X 10°. There are
many correlations in literature that can be used to find the condensation heat transfer
coefficient. Correlation obtained by Akers et al. [106] is used in this work to find the
condensation heat transfer coefficient in the tubes. They assumed complete
condensation and used modified Reynolds number Re,,. Local convection coefficient
was given by [106]:

1
LB _ ¢ Ren. pr? (3.22)
KL

The equivalent Reynolds number for two-phase flow Re, is determined by using the

following equations given in [106]:

Re,, = Re, [1 + (5—2)_] = % [1 + (2—2)_] (3.23)
T, = m [(1 —x,) + %, (z—g)%l (3.24)

The equivalent mass velocity is given as:

(3.25)

Where M is the mass flow rate of the working fluid. The empirical parameters C and n

are:

C =0.0265, andn = 0.8 for Re, > 50,000
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1
C=503a ndn= 3 for Re, < 50,000

The heat transfer coefficient for air can be evaluated as:

Qn = MhaCp, AT (3.26)
Mg =Va pa (3.27)

AT =T, — Ty (t) (3.28)
VinaxAcPa = VirArrpPa (3.29)
= f‘% (3.30)

Vo = L2 (3.31)

g

where V. is front velocity, and should be selected carefully, V; is volumetric flow rate
for air, T, is the air temperature before drying, A. and Ag, are free flow area, and

frontal area for condenser respectively, V4, 1s the maximum velocity in free flow

arca.

G =% = paVnax (3.32)

_ GDp — VimaxPaDn
Reg = - 0 (3.33)
Nu, =22 (3.34)

Cp Ua

Pr, = et (3.35)

1
Nug = 0.117 Re25 Pr? (3.36)

where Re,, Pr,, Nu, are Reynolds, Prandtl, Nusselt number of the air respectively, Dy,
is flow passage hydraulic diameter, and G is mass velocity of air. By neglecting
entrance and exit losses, the pressure drop across the condenser for air side is computed

[103],

_ 2.0 2y (Y2 _ Ao Vm
AP =G 2[(1+a)(vl 1)+fcf e (3.37)

%1

2

ju =S+ Pr} (3.38)
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St = JH (3.39)

St=Nta_ _ Mo (3.40)

- Prq'Reg o G-cpa

where v; and v, are specific volumes of air before and after drying respectively, v,
is average specific volume for air, j; and St are Calburn factor, and Stanton number
respectively. jy and fcr are estimated from a figure adopted by Kays and London
[103]. fcr is used to find the air side pressure drop for the compact tube-fin heat
exchanger. The hourly power input to the fan for the air cooled condenser can be

calculated by:

Wran(t) = AP(2) Va(t) (3.41)

3.3.2 Modeling of the Heat Pump

Heat pumps are devices which extract heat from a source at low temperature, and
transfer it to a hotter sink [99]. In the drying system, ground source heat pump extracts
heat from ground, and uses for fresh air heating via heat pump condenser. The

condenser heat load may be expressed as:

Qu(t) = (UA) [T () — T¢] (3.42)

where (UA)p. and Ty, (t) are the product of overall heat transfer and condenser area,
and condenser temperature, and T, represents the average of minimum air temperature
entering and leaving condenser, T, = (T, + T,)/2.

The heat absorbed by the drying air is given as;
Qu(t) = 1myCp [To — To(0)] (3.43)

The heated air is used to dry the moist wheat or to evaporate the water present in the
wheat, which is the dryer unit chamber. Therefore, energy requirement of the dryer

unit can be expressed as;
Qu(t) =y Cpyy (Ts — Ty) + 110y, hyyg (3.44)

COP and COPs, work consumption of the compressor, and Specific Moisture
Evaporation Rate (SMER) are very important for the heat pump drying system as they

may serve as indicators for system performance. Therefore, expressions related with
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these parameters should be obtained. COP may be given as a function of Carnot

efficiency, n.:

COP =1, (Th—(”) (3.45)

Tr()=Tw(t)
Then, Equations (3.42) and (3.43) can be combined, and solved for Ty, as the following:

0p) _ (UA)pe(TR(t)-Tc)

Qu(®) — 1haCyp (Ty=Ta(t)) (346)
The above equation can be simplified as follows:
_ WAhe _ T2—Ta(t)
= ey, = ThlOT, (3.47)
where T, in Eq. (3.42) can be calculated as follows:
T, = 2o — 899 _ 5559¢ (3.48)

2 2

and u value is calculated for the design conditions of the drying system for Gaziantep

city, Turkey, as;

_60—(-9) _
T 66-255

u 1.7 (3.49)
Then, T}, (t) can be written in a simplified expression form as follows:

Tp(t) - T, = 220 (3.50)

T() =28y 7, (3.51)

Combining Eq. (3.51) with Eq. (3.45) gives heat pump COP as below:

COP = (=) 3.52
=T (Tz—za(t)_'_,rc )—Tw(t) (3.52)

Equation (3.52) can be simplified to the following expression form:

COP =, (Fopadte—) (353)

To=Ta(t)+uT.—uTy, (t)

The following dimensionless forms can be used to simplify and find the final forms of

COP and dimensionless compressor work, w, as follows:

_ T-Te

¢2__' ¢C

Teo

_ Te-Teo
=~

C pa(D) =T g, (0) = BT (3.54)
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From Eq. (54) the values of T,, T,, T,(t), and T, (t) can be found in the dimensionless

forms:
Ty =T + T, To = DT +Too, Ty = PeTeo +Too, Ty = QT + Too (3.55)

Then, combining Equations (3.55) and (3.53) gives the following:

_ P2TootToo =[P a(t)Too+Teo |+ [P Too+Teo ]
COP = Me (¢2Too+Too—[¢a(t)Too+Too]+u[¢cToo+Too]—u[¢w(t)Tm+Too]) (356)

Equation (3.56) can be simplified to easy form:

_ W(Pe+1)+d2—Pa ()
COP =n. (u¢c+¢z—¢>a<r) —u¢w<r)) (3.57)

where ¢, ¢, ¢, and ¢, are dimensionless average air temperatures before and after
condenser, ambient air temperature, air temperature pre-dryer, and water temperature

in the TES tank respectively.

The following steps have been followed to obtain the formula of dimensionless

compressor work, w, that is used in the analysis:

W) =2 (3.58)

Equation (3.58) is represents the general form of heat pump COP in the case of desired
output is the heating load. Substituting the condenser load formula Eq. (3.43) in the

above equation gives the following form:

— [macpa(Tz _Ta(t))]

W(t) cop

(3.59)

The compressor work input formula in Eq. (3.59) can be transferred to dimensionless

form, w, by inserting Eq. (3.57) in, as follows:

W) (@2—0a(7) (3.60)

n.Co Toy u(pct)+Pp2-¢a(r)
Matpg e nc(u¢c+¢2—¢a(T) —u¢w(‘f))

(2= da(O]] udbetdr—ba(r) —uy ()]
w(T) = 1@t D+ br—ba (D] (3.61)

COPs can be expressed as;

_ Qu(t)
COP; = —Wc(t)+Wf(t) (3.62)

For a drying system, the most suitable efficiency parameter is the Specific Moisture
Evaporation Rate (SMER) [107], which is defined as the energy needed to take away
1 kg of water [100]. So, SMER is recorded as the heat pump dryer efficiency.
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SMER = "w — _™w__
Ein  We(t)+Wg

(3.63)

Where E;p, W.(t), and Wf are the total energy, hourly compressor work, and hourly

fan power input to the ground heat pump drying system, respectively.

3.3.3 Solution of TES Tank Problem

TES tank is the drying system heart since solar energy will be stored in the tank during
all seasons. The stored energy will be extracted and transferred to the drying air by the
heat pump. At the same time, soil surrounding the tank is used as a storage medium.
Therefore, the problem of the unsteady heat transfer by conduction around the tank
should be solved to express the water temperature variation in the tank as a function

of solar energy, condenser load and compressor work.

The selected TES tank located deep under earth is spherical. The water present in the
TES tank is considered fully-mixed, and its temperature, Ty, (t), will change with
respect to time, The water temperature is considered to be equal to the deep earth
temperature T,, at initial time. It is assumed that the earth around the tank is
homogeneous and thermally stable. Schematic representations of the TES tank and

energy balance are shown in Figure 3.3.

Ground

QIOSS Qloss

DY
O

Figure 3.3 Schematic of the underground TES tank problem (1*' model).

Unsteady heat transfer problem around the tank for a spherical coordinate is given by

the following equations:

0%T 20T _ 10T
arz  ror aadt

(3.64)
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T(R,t) =T,(t) (3.65)
T(oo,t) = Ty (3.66)
T(r,0) =T, (3.67)
Some of the energy is charged to the storage tank as sensible heat

Some of the energy charged to the tank is stored in the tank as sensible heat, and the
remaining will be transferred to the soil surrounding the tank by conduction heat loss.

The energy balance for TES tank can be expressed as:

dT,, 9
Q = puculhy Gt — kAT (R,D) (3.68)

Where V,,, pw and c,, are volume, density and specific heat of the water in the tank.
R, A and k are radius, surface area of the tank, and soil thermal conductivity.

The unsteady heat transfer by conduction expressed by Equations (3.64) - (3.68) has

been converted into dimensionless equations as follows:

r at Q C T—T,
x== , 1==, gq= : = Bwlw =—=
R R? 4ATRKkToo 3pc Too
Tw_Too Ta_Too
Dy = ——, Qg =—— (3.69)
Too Too

Where g is the rate of net energy charging to the tank, ¢is dimensionless temperature,
ris dimensionless time, x is the dimensionless radial distance, c is soil specific heat, p
is soil density, and w represents water. When these equations were substituted in the

problem raised in Eq. (3.64) - (3.68), the following formulations may be obtained:

0’9 290 _ 90

Iz + Y 9x ot (3.70)
?(x,7) = 0,,(1) (3.71)
@(00,7) =0 (3.72)
T(x,0) =0 (3.73)
g=pP22_2(1,7) (3.74)

This problem can be simplified using the transformation below:
Y(x, 1) = x0(x, 1) (3.75)

yielding:
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oy _ oy

"z = 35 (3.76)
Y(1,7) = 0y (7) (3.77)
Y(o,7) =0 (3.78)
Y(x,0)=0 (3.79)
= p%Pw _ 00
a=p— 5,10 (3.80)
Appling the following transformation n
-1
n= ’;ﬁ (3.81)
to the problem, a solution of constant @ can be obtained as:
-1
Y(x,7) = B [1 - erf (’;ﬁ)] (3.82)

Unsteady temperature distribution in the earth around the TES tank is acquired using

Duhamel’s superposition technique as follows:

Y7 = 0,(0) {1 —erf (2)} + ’d“’w(f){ —erf (32)}ds (3.83)

Now, differentiation of @ with respect to x at x=1, and using Eq. (3.80) gives the

following equation:

dq)w Td@w(f) d¢
+0,(0) + [, — (3.84)

Equation (3.84) can be discretized and solved for the water temperature in the tank in

dimensionless form at the nth time increment to yield:

q(T”)+[Ar W]Q)w(fn 1)-2 2 0w (Tit1) 0w (w)

Pw(Tn) = nn— (3.85)
At VmAT

Equation (3.85) is used to find the hourly dimensionless water temperature. The term
q(7) in Eq. (3.85) refers to the net dimensionless heat input rate to the tank [71].The
input heat rate, q(t), is the difference between dimensionless useful solar energy and

heat pump evaporator energy. It was expressed in [71, 108] as:

w (‘L')

q(1) = q,(t) —qu() + — (3.86)

39



Where w(t) is dimensionless work input of compressor,y is a dimensionless

parameter obtained as (4mRk/m,(t) Cpa), qy (1) is dimensionless heat supplied by

condenser for drying unit, and q,,(7) is the useful solar energy rate in dimensionless

form charged to the tank.

3.3.4 Flat Plate Solar Collectors

Solar collectors are used to absorb solar energy and to charge it to the tank. The solar

energy charge rate, Q, (t) is given by Duffie and Beckman [109] as;

Qu(®) =1 (t) Acor Ir () (3.87)

Where 1y is the collector efficiency, and Acol is the collector area. The following

experimental correlation was obtained by [61] and is also used in the present study:

T (£)—Ta(t)

Npe(t) = 0.72 — 6.4[ g

(3.88)

Where Tw(t) is the water temperature in the TES tank and Tai(t) is the ambient air
temperature. I1(t) in Equations (3.87-3.88) is the hourly solar radiation coming to the
collector surface. Calculation procedure for finding Ir(t) is given by Duffie and

Beckman in [109] as follows:
I:(t) = RI(t) (3.89)

Where R is the ratio of total radiation and can be calculated as [109]:

b= ( _ Id(t)) R, + M(M) + Pres (1—605,8) (3.90)

o) 1(t) 2 2

Calculation procedures for ratios I;(t)/I(t) and R}, are given by [109] as follows:

1.0 — 0.249k for k, <0.35
% = 11.557 — 1.84k, for 0.35 < k; < 0.75 (3.91)
0.17 for kr > 0.75

Where the hourly clearness index Kr can be defined

Ky =+ (3.92)

Iy
and [ is calculated as follows:

I, = [43200% % [1 N 0.033><3c6055(27m)

(w, —wy)sin@sin 6] (3.93)

X [cos §(sinw, — sinw,) +

R}, ratio can be calculated as in the following correlation:
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R, = [cos(@—P) cos & cos wy+sin(@—B) sin §] (3.94)

[cos @ cosd coswq+sin @ sin §]

The declination 6 is calculated as in [116]:

§ = 23.45sin [360 24| (3.95)
wy = (t —12) x 15 (3.96)
wy = (t—11) x 15 (3.97)

W= (3.98)

2

where w; is hour angle of the midpoint of the hour
3.4 Input Data for the SAHP Drying System with TES Tank (Case 1)

A computer code in MATLAB has been developed for numerical calculations. In this
section, the main input data for finding performance parameters for the drying system
are outlined. The input data are for dryer unit, heat pump, TES tank, ground around
the tank, and solar collectors. The data and information for the main components of

the drying system are given in the following subsections.

Energy requirement of the dryer unit is necessary throughout all seasons on an hourly
basis. Mass flow rate of the wet wheat is selected basically as 50 kg h™!, which can be
changed to find its effect on drying system performance. The inlet air temperature to
dryer unit, T, and outside design air temperature for Gaziantep, T,, are set as 60 °C
depending on [110, 111] and -9 °C, respectively. For design conditions, “u” value in
Eq. (3.47) is 1.7. Ambient air temperature, Ta(t), is heated up by the heat pump
condenser to reach the design temperature (60 °C), and is blown to the dryer unit by a
fan to evaporate water existing in the wheat. The wet wheat temperature, T4, and drying
wheat temperature, Ts, are taken as 25 °C and 50 °C, respectively. Moisture contents of
moist wheat, MC4, and drying wheat, MCs, have been considered as 30% and 0%
respectively, according to Sundaram et al. [110]. Hourly humidity ratio has been
evaluated by using EES (Engineering Equation Solver) program depending on hourly
ambient air temperature for Gaziantep at atmospheric pressure, while relative humidity
of 30% 1is taken in this study based on [112, 113]. Pressure drop through the drying
unit is neglected since it is very low in relation to the compressor work. EES program

is also used to calculate hourly power input to the blower or fan.
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Heat is absorbed by the heat pump evaporator from the underground TES tank, and
some amount of energy is added to the refrigerant via the compressor. Heat is rejected
to drying air to evaporate water in the wheat. Expressions for energy requirement and
the heat pump COP are derived in Section 3.3. A practically reasonable Carnot
efficiency (CE) value was used basically as 0.4 in the present study. Zogou and
Stamatelos [36] expressed that CE values range between 0.30 and 0.50 for small
electric heat pumps, so accordingly three CE values of 0.30, 0.40 and 0.50 were
considered in this study. In the present study, the CE value was set at 0.4, and tank

volume was set at 300 m? for all calculations unless stated otherwise.

Water in the TES tank is assumed to be fully mixed. Specific heat and density of the
water are 4.18 kJ/kg°C, and 1000 kg/m?, respectively. Temperature of the water at the
beginning of operation is taken as equal to deep earth temperature of 15 °C. Solar
energy is charged to the water if there is useful solar energy during the year. Some of
the stored energy is absorbed by the heat pump, some is lost to the earth surrounding
the tank, and the remaining part is stored as sensible heat in the TES tank. In this study,
limestone is basically considered as an earth surrounding the tank since it is the
prevalent geo-structure of Gaziantep. To investigate the effects of the earth type on the
system performance, three types of soil are considered; limestone, granite and coarse
graveled. Thermophysical properties of the earths (soils) are given in Ozisik [114], and
illustrated in Table 3.4. Tank volume is selected as 300 m? in all calculations unless

stated otherwise.

Table 3.1 Basic input parameters for case 1

Parameter item Value
Wheat temperature at inlet, T4 (°C) 25
Wheat temperature at outlet, Ts (°C) 50
Wheat mass flow rate (kg/h) 50
Drying air temperature T2 (°C) 60
Outside design temperature T, (°C) -9
Moisture content at inlet MCa4 (%) 30
Moisture content at outlet MCs (%) 0
Carnot efficiency CE (%) 40
Ground temperature, T, (°C) 15
Tank volume (m?) 300
Collector area (m?) 70
Relative humidity, @, (%) 30
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In this study, solar collectors are used to collect useful solar energy in TES tank. They
are assumed to be directed toward the south, and their tilt angle is taken as latitude
angle (37.1°N) of Gaziantep, Turkey since the highest solar energy is collected when
the slope angle is equal to the latitude angle for yearly operation [115]. Useful solar
energy charge to the underground TES tank given by Eq. (3.87) is calculated by using
Equations (3.88-3.98). Hourly solar radiation values and ambient air temperatures are
used in the numerical calculations. The values of the hourly solar radiation on a
horizontal surface I(t) and ambient air temperature Ta(t) were taken from Gaziantep
Meteorological Station. Effect of solar energy collection rate on performance of the
drying system is investigated. During the calculations of the model, collector area as

an input data is set as 70 m? if another collector area is not used.

3.5 Description of the Drying System (Case 2)

The SAHP drying system in this study is considered to be located in Gaziantep (37.1°
N), Turkey. The scheme of the drying system is shown in Figure 3.4. The whole system
consists of five subsystems, which are dryer unit, HRU, heat pump, underground TES
tank, and flat-plate solar collectors. They will be explained in detail in the following

subsections.
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Figure 3.4 Schematic of the SAHP drying system with TES tank and HRU (2"
Case).

The dryer unit is the principal part of the SAHP drying system. The objective of the
dryer unit is to evaporate undesired water in the wheat by supplying hot air in direct
contact between hot air and wheat and releasing the evaporated water to the
atmosphere. Wet product enters the dryer unit from the top, and moves slowly
downward. At the same time, fresh air comes to the heating channel after passing
through the heat recovery unit to gain the waste heat especially in the cold hours in
winter, and to increase fresh air temperature. Later, the fresh air is heated more by the
condenser, leaves the condenser pumped by a fan from bottom of the dryer unit, and
finally moves toward the top of the unit by directly contacting with the product. During
this process, undesired water present in the wheat is evaporated and transferred to the

atmosphere with the air giving its energy to fresh air in the HRU.



A Heat Recovery Unit (HRU) is used in the drying system to gain an amount of waste
energy and to reduce energy consumption of the drying system. The HRU is a type of
heat exchanger that transfers heat from the hotter and moist air exhausted from the
drying unit to fresh cold drying air. Since some of the wasted or exhausted heat will
be absorbed by the fresh and cold air through the HRU, overall efficiency, COP, and
SMER for the SAHP drying system increases or operation cost will decrease.
Therefore, utilization of the HRU in the continuous SAHP drying system is one of the

developments and originalities for this work.

Heat pump is an integral component of the drying system. It works as a heat
transformer from the TES tank to the drier unit. It is known that heat pumps are energy
efficient devices. GSHP are much more efficient than the air source heat pumps.
Therefore, a GSHP is used in the present drying system. Utilizing this type of heat
pump in the drying system can supply much more and cheaper energy to drying air
than conventional drying systems, since the GSHP coupled with the TES tank supplies
higher energy for less temperature fluctuations. As shown in Figure 3.4, there is a cycle
between the heat pump evaporator and the TES tank, in which water is circulated
through the cycle. The GSHP absorbs heat from the water in the cycle by the
refrigerant flow through the evaporator of the heat pump cycle. The energy extracted
and transferred by the compressor is rejected from the condenser of the heat pump to
the drying air. The heat pump operates in order to evaporate water present in the wheat

during all times of the year.

Solar energy is abundant in summer months. In summer, solar energy that has been
deposited in underground TES tank for wheat drying is very useful especially in winter
months. Flat-plate solar collectors have been considered for charging solar energy to
the TES tank. Energy absorption is carried out by collectors, which is later stored in
the TES tank throughout the entire year. Thus, water in the cycle between collectors

and the TES tank will be circulated when there is useful solar energy.

The pivotal part of the drying system is the TES tank. Spherical tank is considered to
store solar energy as sensible heat in the water present as a storage medium in the tank
and is buried under the ground. The solar energy is stored by circulating water between
solar collectors and the tank during all seasons and gives the stored energy to the drying
unit during the whole year via the heat pump. Bigger volume is necessary for long-

term storage of energy so that much more solar energy can be stored, and used
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particularly in low temperatures. Therefore, large-scale TES tank is used to collect

more solar heat needed for the wheat drying process.

3.6 Mathematical Modeling of a SAHP Drying System with TES and HRU
(Case 2)

The mathematical modeling of the drying system requires defining energy expressions
or an energy model for each component of the system. These models are for the drying
unit, ground coupled heat pump, underground TES tank, solar collectors, and HRU.
Mathematical modeling will be obtained by combining these expressions. In this

section, the expressions will be given in detail.

3.6.1 Drying Unit

The dryer unit is used to evaporate moisture from wet wheat. There are four main
interactions; influx of drying air from condenser to drying chamber, exit of moist air
after evaporation of moisture from the unit, input of wet wheat from top of the drier,
and output of dried wheat with moisture lowered to the desired level. The schematic

of the dryer unit is shown in Figure 3.5.

Undried wheat

A

Moist air @ -—
Drying
unit
Drying air @ _>\

Dried wheat

Figure 3.5 Schematic of the dryer unit.

Modeling details for the dryer unit is presented in previous case in this chapter, and
only the subscript numbers for the symbols are changed from 4 and 5 to 5 and 6,

respectively wherever found.
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3.6.2 Heat Recovery Unit

Heat recovery unit device is a very important part of the drying system for energy
saving, especially for ongoing the drying process in all seasons. The heat recovery unit
(HRU) is used with ground source heat pump drying system to utilize waste heat from
the drying chamber and increase fresh air temperature before entering the heat pump
condenser. The scheme of the HRU is illustrated in Figure 3.6 Mass and energy

balances may be formulated in this section to find a suitable model for the HRU.

Fresh air

Moist air

®

Mooist air

®

Heated air

Figure 3.6 Schematic of Heat Recovery Unit (HRU).

Effectiveness ( €) is a dimensionless parameter which is defined as the ratio between
actual heat transfer rates to maximum possible heat transfer rate from one stream to

another [117]

Actual heat transfer rate )
£ = =2 (3.99)

" Maximum possiable heat transfer rate - 0 max

Energy balance for the HRU gives the actual heat transfer rate Q as follows:
0 =(haCp,) (Ts=T)=(1heCp,) (=T  (3.100)
The maximum possible heat transfer rate, Q 4y is defined as
Qmax = (macpa)min (T; — T,) (3.101)

The value of (mana) represents the minimum of (mana)COld and (mana)hOt

min

for cold and hot fluids.

Accordingly, the effectiveness can be expressed as follows:

(macpa)cold(Tl_Ta) _ (macpa)hot(TS_T4)

€= (macpa)min(TS_Ta) B (macpa)min(TS_Ta)

(3.102)
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When the heat capacity for cold fluid (mana) is equal to heat capacity for hot
cold

fluid (1i,C

Pa) , the effectiveness can be written as follows:
hot

— (T1=Tq) — (T3—T,)
(TB _Ta) (T3 _Ta)

(3.103)

Mass flow rate of air in the drying system can be calculated by using Eq. (3.2) as:

T, = —ow (3.104)

T (w3—wy)

The heat transfer rate from the heat pump condenser is determined as:
Qu(t) = maCy (T, — Ta(8)) (3.105)
From effectiveness equation, the energy that recovered by HRU can be calculated as:
Qr(t) = € (1maCp ) (T3(8) — To(1)) (3.106)
The total heat transfer rate in the drying system is computed as follows:

Qr = Qy + Qg (3.107)

macpa(TZ b Ta(t)) = macpa(TZ - Tl(t)) te macpa(T3 (t) - Ta(t)) (3.108)

The temperature of moist air discharged from the dryer unit is higher than that of the
ambient air. The energy of moist air can be transferred to the cold drying air through
the HRU. The energy saving for continuous heat pump drying system is very important
and depends on recovered heat transfer rate by the HRU device from exhaust moist air
[40]. Percentage of the energy saving by using HRU in the drying system can be
determined as defined by [118]

Eg = % + 100 (3.109)

T

As shown in Figure 3.4, a fan that is located after the condenser is used for blowing
the drying air to the drying unit. Calculation procedure to find the pressure drop across

the condenser for the air side is presented in section.

3.6.3 Modeling of the Heat Pump

Heat pumps are devices that extract heat from a source at low temperatures and transfer
it to a hotter sink [99]. In the drying system, GSHP is used. The heat is extracted by

GSHP via the heat pump evaporator, then the heat pump condenser supplies heat to
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cold drying air. The heat supplied by the condenser to the drying air can be written as

a function of condenser temperature;

Qu(t) = (UA)pe[T(t) — Tc] (3.110)

The heat absorbed by the drying air through the condenser can be calculated as follows:
Qu(t) = macpa[TZ — T, ()] (3.111)

The heated air is used to dry the moist wheat or to evaporate the water present in the
wheat. After heating of the drying air, it flows through the dryer unit. Then, the energy

requirement of the dryer unit or the wheat and water can be expressed as;
Qr =ty Cp, . (Ts — Ts) + iy, heg (3.112)

COP and system COPs, work consumption of the compressor and Specific Moisture
Evaporation Rate (SMER) are very important performance parameters for the SAHP
drying system since they give information about whether the drying system operates
efficiently or not. Therefore, expressions should be obtained related to these
parameters. The COP may be given as a function of Carnot efficiency and it’s given

in Eq. (3.45) and mentioned here to build new model on:

_ Th(t)
COP =ne (i) (3.113)
Now, Equations (3.111) and (3.112) can be combined and solved for T},, then the result

of Ty, can be inserted in Eq. (3.113):

_ u(pct+1)+dy—1 (1)
COP =nc (U¢c+¢z—¢1(r)—u¢w(r)) (3.114)

Where (u) in Eq. (3.114) is a parameter obtained when equating the heat transfer
Equations (3.111) and (3.112); ¢, ¢4, ¢, and ¢, are dimensionless average air
temperatures before and after condenser, inlet air temperature to condenser, air

temperature pre-dryer, and water temperature in the TES tank respectively:

_ (UApe _ T-T1(®)
macpa Th(t)_Tc

(3.115)

By using the definition of COP for the heat pump, work requirement of the compressor

for the heat pump is known as:

W.(£) = 22 (3.116)
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When the Equations (3.111) and (3.114) are inserted into Eq. (3.116), the

dimensionless work for the compressor, w, can be derived as below:

_ [b2-¢p1(D][udc+dr—p1(z)-ugy (r)]
w(o) = Nl (@et Dt+br—1 (D] (3.117)
COPs can be expressed as;
COPS _ QH(t) _ QH(t) (3.118)

Twr®  WO+We(t)

In a HPD system, the most important performance parameter is the Specific Moisture
Evaporation Rate (SMER) [107]. It is defined as the energy needed to take away 1 kg
of water [100] In other words, the SMER is defined as the heat pump dryer efficiency,
which is;

Ty Ty

MER = =
S W)  We(O)+Wy (6)

(3.119)

The most significant performance parameters for the SAHP drying system are the
SMER, heat pump COP, and system COPS. Two relations between these performance
parameters can be expressed since all three of them are functions of the compressor
power. Then, when the Wc(t) given in Equation (3.119) is inserted into Equation
(3.116), the following equation will be obtained;

Thy COP

SMER = ———
Qy+Wg COP

(3.120)

Wr(t) is composed of Wc(t) and Wi(t) given in Equation (3.119) and is inserted in
Equation (3.118), then the SMER will be obtained as a function of the system COPs.

m

SMER =.—W'CORq (3.121)
Qy

3.6.4 Solution of TES Tank Problem

TES tank is the main component of the drying system since solar energy will be stored
in the tank during all seasons. The stored energy will be extracted and transferred to
drying air by the heat pump. The selected TES tank located in deep earth is spherical.
The water present in TES tank is considered fully-mixed and its temperature will
change with respect to time, T,,(t). It is assumed that the earth around the tank is
homogeneous and thermally stable. Calculation procedures for solving unsteady

conduction heat transfer problem around the TES tank presented in First Case in detail.
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3.6.5 Flat Plate Solar Collectors

It has been considered that solar collectors are utilized for collecting solar energy and
storing it in the tank. Calculation procedures for finding hourly charge rate, Q, (t) and

others parameters is presented in Case One in this chapter.

3.7 Input Data for the SAHP Drying System with TES tank and HRU (Case 2)

A computer code in MATLAB has been developed for numerical calculations. In this
section, the main input data for finding performance parameters of water temperature,
COP, COPs, SMER and energy fractions for the SAHP drying system are outlined.
The input data belongs to the drier unit, heat pump, TES tank and ground around the
tank, solar collectors, and HRU. The data for the main components of the drying

system are given in the following subsections.

Energy requirement of the dryer unit is necessary throughout all seasons on an hourly
basis. Mass flow rate of the wet wheat is selected as 100 kg h™! unless another mass
flow rate is used in the calculations. However, it can be changed to find effect of mass
flow rate on the performance of the drying system. The inlet air temperature to dryer
unit, T> and outside design air temperature for Gaziantep, T, are used as 60 °C and -
9 °C, respectively. For the design conditions, the “u” value in Eq. (30) is calculated as
1.7. Ambient air at a temperature of Ta(t) is heated up to design temperature of 60 °C
by the heat pump condenser and is blown to the dryer unit by a fan to evaporate water
existing in the wheat. The undried wheat temperature, Ts and dried wheat temperature
Te are taken as 25 °C and 50 °C, respectively. Moisture contents of undried wheat
(MCs) and dried wheat (MCs) have been considered as 30% and 10% respectively,
according to [2, 110]. Hourly humidity ratios have been evaluated by using EES
(Engineering Equation Solver) program depending on hourly ambient air temperature
for Gaziantep, for atmospheric pressure and relative humidity of 30% depending on
[112-113]. The hourly power input to the blower or fan has been calculated by using
EES program as well.

Heat is absorbed by the refrigerant flowing through the heat pump evaporator from the
underground TES tank, and some amount of energy is added to the refrigerant by the
compressor. Heat is rejected from the condenser of the heat pump to the drying air to
evaporate water in the wheat. The heat pump is operated until the drying air

temperature reaches 60 °C. Correlations for energy demand and heat pump COP have
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been derived in Section 3.4. Carnot efficiency, CE, is the ratio of COP of heat pump
to COP of Carnot. Actual COP relies on heat source and sink temperature of the heat
pump. It also relies on the type and size of the actual heat pump. Carnot Efficiency
(CE) values for small electric heat pumps have been expressed in the range of 0.30 to
0.50 [36]. Therefore, according to this reference, a CE value of as 0.4 used for all

numerical calculations in the present study.

Water present in the TES tank was has been considered homogeneous. Specific heat
and density of the water are 4.18 kJ kg'°C!' and 1000 kg m™, respectively.
Temperature of the water at the beginning of operation is taken as equal to the deep
earth temperature of 15 °C. Solar energy is charged to the water if there is useful solar
energy during entire year. Some of the stored energy is absorbed by the heat pump,
some is lost to the surrounding earth of the tank, and the remaining part is stored as
sensible heat in the TES tank. To explore the impact of the earth type on system
functioning, three types of earth are considered; limestone, granite and coarse
graveled. Once other types of earth are not used in the calculations, limestone is
considered as an earth surrounding the tank. Thermophysical properties of the earth
types are given in [114], and illustrated in Table 3.4. Another input parameter is radius
or volume of the TES tank, which affect performance parameters. Tank volume is

selected as 300 m? in all calculations unless mentioned otherwise.

In this study, flat plate solar collectors are employed for collecting useful solar energy
to the TES tank. They are assumed to be directed toward the south, and their tilt angle
is taken as the latitude angle (37.1°N) of Gaziantep, Turkey because, the highest solar
energy is collected when the slope angle is equal to the latitude angle for yearly
operation [115]. Useful solar energy charge to the underground TES tank given by Eq.
(3.87) is calculated by using Equations (3.88-3.98).

Useful solar energy that has been deposited in the underground TES tank given by Eq.
(3.87) is calculated using Equations (3.88-3.98). Hourly solar energy values and
ambient air temperatures are used in the numerical calculations. Hourly solar radiation
readings on the horizontal surface and ambient air temperature were taken from
Gaziantep Meteorological Station. Effect of solar energy collection rate will be
investigated on performance of the drying system. The collection rate depends on the
solar collector area. In the numerical calculations, collector area as an input data is

used as 100 m? if another collector area is not used. Energy saving is very important
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for drying systems since the gain of waste energy increases performance parameters
of the drying system. Therefore, Heat Recovery Unit (HRU) is proposed in this SAHP
drying system. Some of the waste energy exhausted from the drying unit is gained by
using the HRU. Equations (3.99-3.108) for the HRU can be solved together by
considering some assumptions (@3 = 60%, Typ3 = Typ ) for all hours during the

entire year. The assumed effectiveness value is (¢=0.7) according to [119].

Table 3.2 Basic input parameters for case 2

Parameter item Value
Wheat temperature at inlet (Ts) (°C) 25
Wheat temperature at outlet (T¢) (°C) 50
Wheat mass flow rate (kg/h) 100
Drying air temperature T2 (°C) 60
Outside design temperature T, (°C) -9
Moisture content at inlet MCs (%) 30
Moisture content at outlet MCg (%) 10
Carnot efficiency CE (%) 40
Ground temperature, Ty, (°C) 15
Tank volume (m?) 300
Collector area (m?) 100
Relative humidity, @3 (%) 60
Relative humidity, ¢, (%) 30
Effectiveness, € 0.7

Table 3.3 Input design parameters for condenser [103].

Parameter Value

Tube outside diameter, D, 17.17 (mm)
Fin pitch 305 (1/ m)
flow passage hydraulic diameter, Dn ~ 3.48 (mm)
Fin thickness, t 0.4064 (mm)
Free flow area/frontal area, o 0.481

Heat transfer area/total volume, o 554 m*/m3
Fin area/total area, A¢/A 0.95
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Table 3.4 Characteristics of the ground structures [114].

Ground Conductivity  Diffusivity Specific heat  Heat capacity
type (W/m K) (m?/s) (J/kg K) (kJ/m°K)
Limestone 1.3 5.75x 1077 900 2250

Granite 3.0 14.00 x 1077 820 2164.8
Coarse 0.519 1.39 x 1077 1842 3772

Table 3.5 Monthly average reflectivity of earth [109]

Month  July Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun

Pref 601 o01 01 01 01 O 03 07 05 03 01 0.1
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CHAPTER 4

MODELING OF A SOLAR-ASSISTED HEAT PUMP DRYING SYSTEM
WITH THERMAL ENERGY STORAGE TANK AND HEAT RECOVERY
UNIT USING PERIODIC OPERATION

4.1 Introduction

In this chapter, annual periodic performance of a SAHP drying system including TES
tank with and without Heat Recovery Unit (HRU) is investigated using analytical and
computational procedures. This chapter presents other methods that are used for heat
pump, TES tank and flat plate collector’s analyses to predict annual periodic

performance for the drying system in both cases.
These cases are:

e Mathematical modeling of a SAHP drying system with underground TES tank.

e Mathematical modeling of a SAHP drying system including TES tank and
HRU.

4.2 Drying System Description (Case 3)

The heat pump extracts the stored energy that is used to dry of wheat in the drying
unit. Schematic of the drying system is shown in Figure 4.1. The whole system consists
of four subsystems, which are dryer unit, heat pump, underground TES tank, and flat-
plate solar collectors. They will be explained in detail in the following subsections.

The total annual energy supplied to the drying system during the whole year is the sum
of the solar energy extracted from the storage and heat pump work. A fraction of the
solar energy will be lost into the earth surrounding the storage, and the remaining part
will be used in the drying unit during all seasons. An analytical calculation procedure
is given in the following sections. Temperature of the storage and geological structure
surrounding the storage, heat pump work, available solar energy gain rate, and drying

heat are to be determined from the analytical model for the heating system.
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In order to find the periodic solution for the drying system, and analytical model
is developed to obtain the performance parameters of the drying system using
utilizability, ¢, method to find the amount of charged energy for each month. The

description of system components in detail was presented in chapter 3.

Moist air T@

Wet product —p

b=

Condenser

air inle
®

Solar § b d¢ et
collectors Exp. Heat pump g ried produc
valve g
Exp. tank \ / o

]
=1
2

S

<
Pump + Evaporator b

Ground

TES tank

Figure 4.1 Schematic of the drying system with underground TES tank (2"¢ model).

4.3 Mathematical Modeling of a SAHP Drying System with TES Tank (Case 3)

The system consists of four main parts which are wheat dryer unit, a heat pump, flat

plate solar collectors, and TES tank.

To obtain a mathematical modeling of the drying system, it is required to define energy
expressions or energy model for each component of the system. These models are for
the drying unit, ground coupled heat pump, underground TES tank, and solar
collectors. Mathematical modeling will be obtained by combining these expressions.

In this chapter, the expressions will be given in detail.
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4.3.1 Drying Unit

There are four main interactions in the drying unit; influx of drying air from condenser
to drying chamber, exit of moist air after evaporation of moisture from the drying unit,
input of wet wheat from top of the dryer, and output of dried wheat with moisture
lowered to the desired level. The modeling of drying unit detail was presented in

chapter three.
4.3.1.1 Fan Power Calculation

Fresh air firstly is taken from the atmosphere by a fan and is heated by the condenser
of the heat pump then sent to the dryer unit to evaporate water from the moist wheat.
Accordingly, the fan is necessary for this operation. Calculation procedures to find the

fan power input were presented in chapter three.

4.3.2 Modeling of the Heat Pump

In the drying system, ground source heat pump extracts heat from the TES tank, and
supplies the heat to cold drying air. An algebraic expression for heat pump simulation
is given in this section. It is used to calculate dimensionless heat pump work.
Coefficient of performance of heat pump, COP is a function of condenser and
evaporator temperatures. Characteristic heat pump performance curve was adapted
from experimental data of an actual conventional heat pump in this study. A very good
fit to the experimental data was obtained from the following expression [49] as

follows:

COP = By [Tw+100 Ln( Th, ) + 35—Th] @

70 Th—Tw 40

Bup is a coefficient that may vary depending on model and manufacturer. It is assumed
equal to unity in this study. Tn is the temperature of the water in the load side heat
exchanger. Monthly average energy requirement of the drying system may be

expressed as:

Qu(t) = (UA) [Ty () — T (4.2)

Where (UA)pe and Ty (t) are UA value and temperature for the condenser, and T,
represents the average temperature of air entering to condenser and that is leaving the

condenser. The heat absorbed by the drying air is given as;
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Qu(t) = 1maCp [T2 = Ta(t)] (4.3)

Where T, (t) represents monthly average ambient temperature. The heated air is used
to evaporate the water present in the wheat. After heating the air, it is flowed through
the dryer unit. Therefore, the energy requirement of the dryer unit as presented in

chapter three can be expressed as;
QH (t) = mp pr (TS - T4) + mw hfg 4.4)

The following steps have been followed to obtain the formula of dimensionless

compressor work, w, that is used in the analysis:
Qu(t) = W .(t)CoP (4.5)

Substituting Eq. (4.1) in Eq. (4.5) gives the following form for heating load:

Qn(8) = We(O)Bnp (P L || + 20) (4.6)

70 Th—Tyw 40

The following dimensionless forms can be used to simplify and find the final forms of

COP and dimensionless compressor work, w, as:

Ty —Too Te—Too Ta(®)-Too Tw (®)=Teo
¢2 =ZTTI (nbc = Too ¢a(t) = T' ¢w(t) = T (47)

Combining Equations (4.2) and (4.3) giving the following:

_ WMhe _ T-Ta(®
macpa Tyr(t)-T¢

(4.8)

Rearrange Eq. (4.1) using dimensionless forms in Eq. (4.7) and Eq. (4.8) gives the new

formula of COP as follows:

_ Too (Pw+1)+100 Too (P2—Pat+dctu 35u—Too (P2 —Patud+u)
COP = Pnp 70 L (Too((¢2_¢a)—u(¢c_¢w))) 40u ](4'9)

Combining Equations (4.3) and (4.5) gives the following:

1haCp ,[T2=Ta(t)]
cop

W, (t) = (4.10)

Then, inserting Eq. (4.9) in Eq. (4.10) to find the final form of dimensionless

compressor work:

Wc(t) _ (¢2_¢a)
T m,Ch Te Too(pw+1)+100 ( Too(P2—pat+Pctu ),35u—Too(¢z—¢a+u¢c+u)
“"Pa’® Bh?’[ 70 I o (b2-b0-u@e—dw)) T a0u

4.11)
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4.3.3 Periodic Solution of TES Tank Problem

Thermal energy storage tank was explained in detail in chapter three. The solution in
this chapter is to find monthly water temperature in the tank using CFFT technique
while the solution in chapter three was to find hourly water temperature in the tank
using Duhamel’s superposition and transformation techniques. Thus the used
methodology here differs from the one used in chapter three in the energy analysis for
TES tank. Schematic representations of the spherical TES tank and energy balance for

the tank are shown in Figure 4.2.

Ground

Qloss Qloss

Q&

Figure 4.2 Schematic of the underground TES tank problem (2" model).

The annually periodic transient heat transfer problem outside the spherical thermal

energy storage may be expressed in the spherical coordinate system as follows:

92T | 20T _ 1dT

or2 ror  adt (4'12)
T(R,t) = T, (t) (4.13)
T(0,t) = Ty (4.14)
T(r,0) = T(r, one year) (4.15)

where a in equation (4.12) is the thermal diffusivity of the earth surrounding the
thermal energy storage. The energy balance relating energy charge rate, energy
accumulation rate in the storage, and the conduction heat loss rate into the surrounding

earth is expressed in the following form.

dTy

a
Q = PV Cuw 52— kAZ (a,1) (4.16)

The above problem formulation will be put in dimensionless form using the following

dimensionless variables.
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A _ T I R
X = P T= 2z ! ¢ T’ dw T ba Teo
__ a(one year) ) _1 (Pwa) _
Y =—"7F—, q= kT P = e ) Y(x,v) =x¢p(x,7) (4.17)

Where, pc given in equation (4.17) is the product of density and specific heat of soil
surrounding the storage. Using dimensionless variables in Eq. (4.17) with Eq. (4.12)

and taking 1% and 2" derivations for x and r simplified gives the following form

The resulting dimensionless form of the problem formulation is given by:

#2023 (4.18)
$(1,7) = ¢y (D) (4.19)
$(00,7) = 0 (4.20)
(x,0) = ¢ (x, one year) @21)

The following transformation can be used for simplification:

o(x,7) =x"1Y(x,1) = pxn) (4.22)

X

The result of derivation Eq. (4.22) with respect to T gives the following:

o _19¥ (4.23)

at x 0T

The differential equation and boundary conditions take place the following form:

o (4.24)

Y(1,7) = ¢ (1) (4.25)
P(e0,7) = 0 (4.26)

P(x,0) = P(x,Y) (4.27)
q=pP2e_20(1,0) +y(1,7) (4.28)

The above problem formulation will be transformed using CFFT to omit time variable.

CFFT is designed by

i2mnt

Y, 1) = Y Pn(x)e ¥ (4.29)
W, (x) = % f_%l/)(x, 7) o (4.30)
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If the CFFT technique is applied to the above problem formulation, the following form

1s obtained

“ln vy = 0 431)

YD) = by, (4.32)

Pn(0) =0 (4.33)

q =P, — 22 1) + (1) (4.34)

Then, the differential equation is solved as:

P (x) = AeVZX 4 BeVZx (4.35)
where
z= 12% = iv, (4.36)

Applying the first boundary condition for (x = o) to the differential equation in Eq.
(4.35) to find A constant:

B

Yl = 0) =0 = AeV?* + ——

(4.37)

gives,

Again, applying the second boundary condition for (x = 1) to the differential equation

in Eq. (4.35) to find the value of B:

B

Ypx=1) = ¢wn = Nz (4.39)
B = ¢, e'* (4.40)
The solution takes the following form
P (X) = [pw, V% |e VX = ¢, e1=OVZ (4.41)
Pn(x) = ¢y, e VEED (4.42)
_ |zmn —\2i ynmw .

Yo =gy e V¥ =g, o Y (4.43)

_ VIR (e YT
) = e TN L SOOT Dy
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d)n(l) = q-')wn

.~ VT
Ay, —-(1+i)— (x-1)
W~ (14D py e P

Vnm

D) =~ +D) du,

Inserting these into the energy equation
. V.
Gn = P ivy Gy, + (1 + D)= o, + P,

qn [anP+(1+ )—+1] bw,,

¢ _ Adn dn
Wn = _ri2mn\ vVnm | \/ﬁ Vnm) , ., 2mn Vnmw
P(y)ﬁ Nk (1'ﬁ)+l(Py'ﬁ)
_ 4n
¢Wn N1+in:
where
nm nm 2nn
m=1+Y5 =24 P2t
vy vy y
q N1—M2
¢wn =—"—X

Ni+inz  N1-M2

b, = an(M1=in2)
wn ni+n3

4.3.4 Complex Finite Fourier Transform of the Heat Input Rate

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)

(4.50)

(4.51)

(4.52)

(4.53)

(4.54)

Available solar energy is charged by the flat plate solar collectors to the energy storage

over the whole year. Part of the stored energy is supplied to the drying unit during the

year by a heat pump. Dimensionless heat input rate into the energy storage q(t) is equal

to the difference between the charged energy to the storage and the energy extracted

by the heat pump, which may be expressed as:

q(D) = qu(1) — qnp(D)

(4.55)

qhp(T) in Equation (4.55) is the energy extracted from the storage by the heat pump,

which may be expressed as:

w(T)
Y

th(T) =qp(v) —
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When equation (4.56) is substituted into the Equation (4.55), the net energy input rate

to the energy storage becomes:

w(T)

Y

q(t) = qu(t) — qup() + (4.57)

Where qgn(t) and w(t) are dimensionless house heat load and heat pump work
respectively. qu(t) in Equation (4.57) is the dimensionless energy collection by the

solar collectors. The method of calculation of available solar energy gain is based on

the 5 method and is described in next section.

Annual dimensionless temperature distribution in earth given by Equation (4.29)
depends on the complex Fourier coefficients of the dimensionless net heat input rate.
q(tr) may be expressed by a Fourier series with a period of one year. Let g; be the
monthly components of the dimensionless energy input rate to the storage. The

dimensionless heat input rate, q(t) may be expressed by the following vector.

q(t) = (91, 92, 93, 94, Is, 96» 97> 98> 9o, 910» 911, 912)  (4.58)

The dimensionless heat input rate, q(t) given by Equation (4.58) can be expressed by

the following Fourier series with a period of one year.

+

C](T) = ngo—oo dk eiva (459)

Complex Fourier coefficients of the dimensionless heat gain rate, qx, in Equation

(3.59) are given by:
do =212 q fork =0 (4.60)
Qi = 75 2121 4 (M3 + ) fork > 1 (4.61)
where
N3, = sin(2mkr;) — sin(2mkrj_;) (4.62)
n4j = cos(2mkr;) — cos(2mkr;_,) (4.63)

4.3.5 Calculation of Useful Energy by Utilizibility Method

The monthly average daily useful energy collection Q,, is equal to the monthly
component of the daily energy input to the storage. It can be calculated from the

following formula reported by Klein [120] and Mitchel et al. [121]:
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Qu = AcolFR (T Hr (4.64)
Where Acq is the collector surface area, and Fr is the collector heat removal factor.
(Ta) is the monthly average transmittance absorbtance product for the collector. Hy is
the monthly average daily total solar radiation on a tilted surface. ¢ is the monthly

average daily utilizability.

The concept of utilizability has been pioneered by Whillier [122], and later generalised
by Lui and Jordan [123]. It has been simplified and extended by Klein and Beckman
[124], who developed a general design method for solar systems involving flat plate
collectors. The monthly average daily utilizability is defined as the sum for a month
over all hours and days of the radiation on a tilted surface that is above a critical level

divided by the monthly radiation.

The value of $ for a monthly period depends upon the distribution of daily total solar

radiation, collector orientation, location, and time of the year. A correlation for 6 was

developed by Klein [120] as a function of the monthly clearness index K, a

dimensionless critical radiation level X., and geometry factor, R,,/R. The resulting

correlation is expressed as:

¢ =expf[a+B(2)] (R +Xo)} (4.65)
where
A = 2.943 — 9.271R; + 4.031K; (4.66)
B = —4.343 + 8.853K; — 3.602Ks (4.67)
C=-0.17 — 0.306Ky — 2.936K2r (4.68)

The Ry given is the ratio of radiation on a tilted surface to that on a horizontal surface
at noon for an average day of the month. It can be calculated by considering the beam,
diffuse, and ground-reflected component of the radiation.

R, = (1 — a0 Ry, + (rd—ﬂ) (Z28) 4 preg (22B)  (469)

I'tn H I'tn H 2 2

where rq ;, is the ratio of the diffuse radiation at noon to daily total radiation. The rq

as suggested by Lui and Jordon [125] is given as:
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Td’n _ l COSW—COSWwWg (470)

- . 21w,
24 sin ws—( 36005) COS Wg

and ry is the ratio of the radiation at noon to daily total radiation which is given by the
following equation given by Collares-Pereira and Rabl [126].

COSW—COS Wg

Ten = % (a; + by cosw) o WS_(ZS,Z,S,OS) p— 4.71)

where a; and by depend on the sunset hour angle and are given by:
a; = 0.409 + 0.5016 sin(w; — 60) (4.72)
b, = 0.6609 + 0.4767 sin(wg — 60) (4.73)

Ry, in Equation (4.69) is the ratio of beam radiation on a tilted surface to that on a
horizontal surface at noon. For surfaces facing directly towards the equator, Ry, , can

be expressed as Klein [120]:

cos (6,—B) cos 6+sin(f,—B) sin &

Rb,n - cos@y, cos 5+sin By, sind (4.74)
where 9 is the solar declination angle calculated from:
: 284+n
§ = 23.45sin (360 ") (4.75)

Ha/H in Equation (4.69) is the daily diffuse radiation fraction. Collares-Pereira and
Rabl [126] recommended a correlation for estimating Hqo/H as a function of Kt, which
is the ratio of the daily total radiation on a horizontal surface to the daily extraterrestrial

radiation. For the average day considered in this analysis, Kt was taken to be the same

value of K. According to Duffie and Beckman [109]:

(=0.99 for Kr <0.17
; = 1.188 — 2.272K1 + 9.473K? — 21.863K3
7‘1 =< +14.648 for 0.17 < Ky < 0.75 (4.76)
= 0.54K; — 0.632 for 0.75 < Kr < 0.8
=0.2 for Kr =0.8

Hy in Equation (4.64) is the monthly average daily total solar radiation on a tilted

surface and is given by the following equation.

Hr =RH 4.77)
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R is the ratio of the monthly average daily total radiation on a tilted surface to that on

a horizontal surface. R can be estimated by considering the beam, diffuse, and ground-

reflected components of radiation and is expressed as:

= ( _ %) R, + (%) 1+cosp | Oref (ﬂ) (4.78)

2 2

R, in Equation (4.78) is the monthly average daily beam radiation ratio. Lui and Jordan
[127] suggested that it can be estimated from the ratio of extraterrestrial radiation on

tilted surface to that on a horizontal surface for a month. For surfaces directed due

south, Lui and Jordan give the following equation for R,:

— cos(6.—p) cos & sin w5'+(%)ws sin(0—B)siné

= 4.
b cos 8y, cos<$sinw5+(1—g0)wS sin @y, sin § ( 79)
Where wg' is the sunset hour angle for a tilted surface given by:
1 A cos!(—tan 6y tan §)
ws' = Min [COSl(— tan(6,—p) tan &) (4.80)

Hy/H in Equation (4.78) is the ratio of monthly average daily diffuse radiation to total

daily radiation on a horizontal surface. Collares-Pereira and Rabl [126] developed the
following correlation for calculation of Hg/H as a function of monthly average

clearness index, K, and sunset hour angle, w:

H _
fd = 0.775 + 0.00653(w, — 90) — [0.505 + 0.00455(ws; — 90)] cos(115K
—103) (4.81)
K7 is monthly average clearness index
= H
Kr == 4 2
r=1 (4.82)

H,, is the monthly average daily extraterrestrial radiation on a horizontal surface and

is given by:
—  24%3600%Gg 360 :
Hy = — [1 + 0.033 cos (?Sn)] [cos 0, cos é sinw, +
(%) sin 6; sin 6] (4.83)
where
ws = cos~1(—tan 8, tan §) (4.84)
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The monthly average critical radiation ratio given, X., in Equation (4.64) is expressed
by:

X, = e —_ fre (4.85)

Tt,anﬁ rt,anETﬁo

_ FR Uc(fci_fa)

Hyo =~ (4.86)

where the symbols are defined as; U, collector heat loss coefficient; Ta-, inlet fluid

temperature to collector; Ta, monthly average outside air temperature; (ta), monthly

average transmittance-absorbtance product.
4.3.5.1 Calculation of Transmittance-Absorptance Product

This method to find monthly average daily useful energy collection, which was
mentioned in Eq. (4.64), is as a function of monthly average transmittance absorptance
product. Therefore this section is focusing on the monthly average transmittance-
absorptance product estimation. Transmittance of a transparent collector cover, t, and
absorptance of the collector plate, o, are functions of the material and the incidence
angle of solar radiation. Beam, diffuse and ground-reflected components of the solar
radiation are incident on the collector surface at different angles. The variation of
incident angle of solar radiation with respect to the transmittance absorptance product,
(ta), must be known to calculate monthly average transmittance absorptance product
of flat plate collectors. Simon [128] presented performance test results for 23 different
collector parameters. The four different collectors widely used at the applications are

given in end of this chapter.

An expression for the transmittance absorptance product as given by Simon [128] (as

a function of incident angle of beam radiation) is:

(T@), = G@)y [1+ By (1-— 19)] (4.87)
where
9, = 89.8 — 0.5788f + 0.0026935%  (°) (4.88)
and
By = —0.17 (4.89)
(T@)q = @@ [1+Bo (1 - — ﬁd)] (4.90)
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94 =7 (Rad) 4.91)

@), = (7a), [1 + B, (1 - )] (4.92)

cosYp
-1 51 . .
9 = cos [cos(HL — ) cos 6 cos (Z) + sin(8, — B) sin 6] (4.93)

Now, monthly average transmittance-absorptance product, (Ta), can be expressed as:

Hg\— Hy _ -
(1-54 )Ry @@y + 22T o (L2E) 4p s T, (222E)

_& = E\1+cosﬁ ) 1—cos
(1 ﬁ)Rb-I-(E} 2 'pref( 2 )

(Tta) = (4.94)

4.4 Description of the Drying System (Case 4)

The SAHP drying system considered in this study is considered to be located in
Gaziantep (37.1° N), Turkey. The scheme of the drying system is shown in Fig.4.3.
The whole system consists of five subsystems which are dryer unit, HRU, heat pump,
underground TES tank, and flat-plate solar collectors. The subsystems are explained

in detail in chapter 3.
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Figure 4.3 Schematic of the SAHP drying system with TES tank and HRU (4
Case).

4.5 Mathematical Modeling of a SAHP Drying System with TES Tank and HRU
(Case 4)

The system consists of five main parts which are wheat dryer unit, a heat pump, flat

plate solar collectors, an underground TES tank and HRU.

4.5.1 Modeling of the Heat Pump

The modeling of flat plate solar collectors, and underground thermal energy storage
tank is presented in previous sections. While the modeling of drying unit and HRU

was presented in chapter three. But heat pump model in the case of using HRU differs
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from the presented model for heat pump because different subscripts are used with
some variables parameters. Rearranging equations (4.3-4.11) with referring to Fig. 4.3

gives the following equations:

Qu(t) = 1maCp [To = T1(8)] (4.95)
$r (1) = LT (4.96)
— UDhe _ T-T1(®) (4.97)

MaCp,  Th(O-Tc

T, = {nintle (4.98)

_ Teo (Pw+1)+100 Too(P2—P1+Pctu 35u— Too(¢z ¢1+u¢c+u)
COP = PBnp ( 70 In [Too{(¢z—¢1)—u(¢c—¢w)}] p )(4 )

Combining Equations (4.3) and (4.5) gives the following:

macpa[TZ —T1(t)]

VVC(t) y COP

(4.100)

Then, inserting Eq. (4.99) in Eq. (4.100) to find final form of dimensionless

compressor work:

_ (p2—d1)
w= 3 (Too(¢>w+1>+1oo n[ Too(P2—P1tPctit .35u—Too(¢2—¢1+u¢c+u)) (4.101)
hp 70 Tool(P2-d1)—w(Pc—Ppw)H " 40U

4.6 Input Parameters (Cases 3 and 4)

The present model for simulating the performance of a solar aided ground coupled heat
pump system is used to study the effects of different parameters. A standard set of the
parameters are defined and their effects on the system thermal performance are
investigated. Some parameters are found to have a more dominant effect on the
performance of the ground coupled heat pump heating system. These parameters are
meteorological parameters, thermal and physical properties of the earth, collector
parameters, ground reflectance, and storage system parameters. The parameters used
in the calculations are briefly discussed in detail in the following sections while the
input data for other components of the drying system such as drying unit are presented

in chapter seven and given in Tables 4.1 and 4.2.
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Table 4.1 Basic input parameters for case 3

Parameter item Value
Wheat temperature at inlet, T4 (°C) 25
Wheat temperature at outlet, Ts (°C) 50
Wheat mass flow rate (kg/h) 30
Drying air temperature T2 (°C) 55
Outside design temperature T, (°C) -9
Moisture content at inlet MC4 (%) 25
Moisture content at outlet MCs (%) 10
Ground temperature, T, (°C) 15
Tank radius (m) 3
Collector area (m?) 45
Relative humidity, ¢, (%) 30

Table 4.2 Basic input parameters for case 4

Parameter item Value
Wheat temperature at inlet, Ts (°C) 25
Wheat temperature at outlet, Ts (°C) 50
Wheat mass flow rate (kg/h) 50
Drying air temperature T2 (°C) 55
Outside design temperature T, (°C) -9
Moisture content at inlet MCs (%) 22.5
Moisture content at outlet MCg (%) 12.5
Ground temperature, T, (°C) 15
Tank radius (m) 3
Collector area (m?) 50
Relative humidity, ¢, (%) 30
Relative humidity, @3 (%) 60
Effectiveness, € 0.7

4.6.1 Meteorological Parameters

Temporal variation of temperature in the thermal energy storage and thermal
performance of the drying system are functions of meteorological parameters. In this
study, the parameters for five cities in Turkey are selected in the calculations. The

selected cities are Ankara, Elaz1g, Gaziantep, Istanbul, and Izmir.
The parameters consist of latitude angle 8, , outside design air temperature T,, monthly

average outside air temperature T,(t), and monthly average solar radiation on a

horizontal surface H. The outside design air temperature and the other parameters are
taken respectively from Dags6z [129] and Unsal and Dogantan [130]. Values of these

parameters for the cities under consideration are given in Table 4.3.
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Table 4.3 Meteorological parameters

Ankara Elazig Gaziantep Istanbul Izmir
9, =40.0° 9, =38.7° 9, =37.1° 9, =40.0° 9, =38.5°
To=-12 °C To=-12°C To=-9 °C To=-3°C To=0°C
Months
T, H©H T, H T, H T, H T, H
Mj/m? Mj/m? Mj/m? M;j/m? M;j/m?
(°O) day (°O) day (°O) day (°O) day (°O) day
Jul 23.1 23.7 27.2 20.9 27.1 22.1 23.2 21.5 27.5 19.0
Aug 23.3 223 27.0 19.9 26.9 21.1 19.7 19.8 27.0 17.6
Sep 18.4 17.6 22.0 15.6 22.2 16.8 15.5 14.9 22.7 13.9
Oct 12.9 12.5 14.8 10.2 15.3 11.7 11.9 10.0 18.3 10.1
Nov 7.7 7.4 7.8 59 9.4 7.9 8.0 6.7 13.9 6.4
Dec 2.5 4.9 1.5 4.6 4.5 5.7 5.1 4.5 10.4 4.4
Jan 0.3 6.0 -1.3 4.9 2.6 6.2 55 4.4 8.2 5.1
Feb 1.0 8.5 0.0 8.0 3.6 9.2 6.7 7.4 8.8 7.1
Mar 4.7 12.7 4.7 10.9 7.2 12.6 10.9 11.6 11.1 10.3
Apr 11.1 17.9 11.8 15.3 12.7 17.7 15.8 16.2 15.3 14.4
May 16.1 20.9 17.4 17.2 18.2 18.3 20.6 18.9 20.1 19.1
Jun 20.0 22.1 22.9 21.1 23.7 22.6 23.2 21.3 24.7 18.3

4.6.2 Thermophysical Properties of the Ground

Thermal and physical properties of the geological structure are the parameters
affecting the temperature of the storage and the thermal performance of the drying
system. Thermal and physical parameters of coarse gravelled earth, sand, granite and

limestone were taken from Ozisik [114], and given in Table 4.4.

Table 4.4 Characteristics of the ground structures [114].

Ground Conductivity Diffusivity Specific heat Heat capacity

type (W/m K) (m?/s) (J/kg K) (kJ/m>K)
Limestone 1.3 5.75x 1077 900 2250
Granite 3.0 1.40 x 1077 820 2164.8
Coarse 0.519 1.39 x 1077 1842 3772
Sand 0.3 2.5x 1077 800 1500

4.6.3 Parameters of Solar Collectors

Solar collectors are special kinds of heat exchangers that transfer the radiant energy of
incident sunlight to the thermal energy of a working fluid, usually liquid or air. Flat
plate collectors are commonly used in low and medium temperature applications. They
are useful in supplying thermal energy at moderate temperatures, up to the normal
boiling point of water. The major applications of flat plate collectors are in domestic

hot water, space heating, drying process and other applications in industrial processes.
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Accordingly, the parameters corresponding to flat plate collectors are used in the study
during the calculations. The solar collector construction, orientation, and operating
temperature, combined with meteorological conditions: solar radiation level, air
temperature, and wind speed and fluid flow rate through the collector are the primary

factors affecting the performance.

There is a number of variable parameters that are important in the design of a
residential active solar heating system. Those related to the collector are the collector
area and the collector slope. Collector parameters have an effect on the useful solar
energy gain. The water temperature in the energy storage and the thermal performance
of the heat pump system is a function of the useful energy gain. Four different
collectors are used in the present calculations. These collectors are one glass cover
black paint, two glass cover black paint, one glass cover selective surface and two
glass cover selective surface type collectors. Parameters of these collector types as

given by Simon [128], are tabulated in Table 4.5.

Table 4.5 Collector parameters

Collector Type bo (tTa)n o g UL, W/m*C
Black paint-1 glass 0.078 0.89 0.97 0.97 7.4
Black paint-2 glass 0.15 0.76 0.97 0.97 4.5
Selective Surface-1 glass 0.11 0.80 0.90 0.1 5
Selective Surface-2 glass 0.16 0.74 0.95 0.07 3.2

In a solar system, collector orientation is also an important design consideration. Fixed
position flat plate collectors are generally placed towards the south. In the present
computer simulation, collectors are directed toward the south and the value of collector

heat removal factor Fg, is taken as 0.75.

4.6.4 Monthly Average Reflectivity of Earth

Available solar energy gain by a solar collector depends upon the amount of radiation
on a tilted surface. A tilted surface also receives solar radiation reflected from the
ground and other surroundings. The ground and other surfaces seen by the tilted
surface are assumed to have a diffuse reflectivity of p.er. Lui and Jordan [127]

suggested that monthly average ground reflectivity, prer Vvaries from 0.2 to 0.7
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depending upon the extent of snow cover. The monthly average ground reflectivity,

prer Values used in the present calculations are given in Table 4.6.

Table 4.6 Monthly average reflectivity of earth [131]

Month  July Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun

Pref 02 02 02 02 02 02 03 07 05 03 02 02
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CHAPTER 5
VALIDATION PROCEDURES

5.1 Introduction

After examining the literature in chapter three, it was found that there was no published
research related with SAHP drying system. However, there was utilization of flat plat
solar collectors and underground spherical TES tank using Duhamel’s superposition
and transformation techniques for space heating, and the solar collectors and TES tank
are components of drying system in this study. Accordingly, the study that done by
[71] is selected for validation via preparing the new program in MATLAB. The results
of the new program are inserted in figures in section 5.2 for comparison with results

in [71].

Using the periodic solution for SAHP drying system in the literature as in chapter four
has not been found. Fortunately, utilization of flat plate solar collectors and
underground spherical TES tank using periodic solution as its modeling partially
presented in chapter four for space heating was found. Therefore, the periodic
performance of solar-assisted heat pump with TES for space heating study [131] is
selected for validation via the preparation of the new program in MATLAB. The
results of the new program are inserted in figures in section 5.3 for comparison with

the results in [131].

5.2 Validation Procedure for the Study [71]

It is know that validation of any theoretical study is very important. If there is a similar
experimental study with the theoretical study, results obtained from the experimental
study should be compared with the theoretical results. However, if there are no similar
theoretical or experimental studies in literature, the validation of some components
such as solar collector and TES tank for space heating can be done [71]. Therefore the
following comparisons are performed in order to check the results obtained by a
program written in MATLAB using the same model in [71]. By using the MATLAB

program prepared and used to find the results of modeling presented in [71], the hourly
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tilted solar and useful solar radiation charging to the underground TES tank are
computed. The model of [71] is written in FORTRAN program while the same model
is written in MATLAB program in this study to validate the same components such as
solar collectors and TES tank which are used with SAHP drying system in the present
study. MATLAB program for [71] was executed for the same input data, and some of
the results are mentioned in the following figures along with the same figures

concluded by [71] as follows:
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Figure 5.1 Annual Ty, for September (Ac = 20 m?, CE = 40%, V =300 m?) [71].
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Figure 5.2 Annual Ty, for September (Ac = 20 m?, CE = 40%, V = 300 m?)
[Validated results].
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Figure 5.6 Effect of earth type on Ty during year 5 of operation (Ac = 20 m?, CE =
40%, V =300 m?) [Validated results].

These figures (5.1-5.6) showed that the validation results which calculated from a
MATLAB program of the model presented in [71] are correct. Accordingly, the
models of solar collectors and TES tank, which were written in the MATLAB program
can be used with SAHD drying system in this study. Inserting the new models for the
remaining components of SAHP drying system in the prepared program in MATLAB
gives the new results for the invented drying system in this research. The new results
for this study are presented in sections 7.2 and 7.3 in chapter seven. There are some

comments can be observed by comparison the concluded results from the MATLAB
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program prepared for the present study with the results presented in [71] for the same

input data and model. These comments are listed in the following:

e The validated results in figures (5.2, 5.4, and 5.6) are identical to results in the

figures (5.1, 5.3, and 5.5) presented in reference [71].

e The error in the results for the validation and literature [71] is not exceed 0.1%,

accordingly the validation results are accurate and can be used in this study.

e The difference point between the model presented in [71] and the one presented
in chapter three is that the heating load in the current study is considered to be

constant while it is considered to be a variable in [71].

e The model in the present study is used for drying application while the model
in
[71] is used for space heating; accordingly, the models of the components such
as heat pump, house, and drying unit will be different.

e The input data for reference [71] are different with the present study.

e For example, the amplitude for the water temperature curve in this study is

different in comparison with [71] because of the mentioned reasons.

5.3 Validation Procedure for the Study [131]

Following the same principle that was introduced in section 5.2, it can be stated that
there is no such a study in the literature related with periodic solution for SAHP drying
system whose modeling is presented in chapter four. Therefore some figures from
reference [131] were selected for comparison and validation. The following figures are
the comparison of the results from [131] and validated results from a MATLAB

program which prepared in this study:
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The validated results shows that the model for [131] written in MATLAB program is
correct. Consequently, the models for the drying unit and heat pump in this study were
inserted in MATLAB program in another new program for SAHP drying system, and

the results are presented in sections 7.4 and 7.5 in chapter seven.

The following comments can be seen by comparison the validated results with the

results presented in [131]:

e The results of the validation and literature [131] which are presented in figures

(5.7, 5.8, and 5.9) are corresponded to each other.

e The results for the validation and literature [131] showed that the error between
the two results cannot be mentioned because it is very low. Consequently, the
validation program for the model presented in [131] and prepared in MATLAB
can be used in this study, especially for solar collectors and spherical TES tank
parts because they are the main components for the model presented in chapter

four in this study.

e The heating load is considered to be constant in the present study while it is

considered to be variable in reference [131].

e The model in the current study is used for drying application while the model in
[131] is used for space heating, therefore the models of the components such as

heat pump, house, and drying unit will be different.
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The input data for this study are different with those presented in [131].

For example the amplitude for the water temperature curve which presented in
chapter seven in several figures, is different in comparison with that presented

in [71] because of the previous reasons.
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CHAPTER 6
COMPUTATIONAL PROCEDURES

6.1 Introduction

This chapter presents computational procedures for the SAHP drying system with TES
tank and HRU or without HRU using different methods and input data for load, flat
plate solar collectors, and TES tank etc. Accordingly, the computational procedures
for the system modeling analysis are presented in four sections. The details of the
system modeling for all cases are introduced in chapters three and four. The same
model that was presented in chapter three is used for both cases but HRU is considered
to be operated with the drying system for energy saving in the second case. Also, the
same model that was presented in chapter four is used for both cases but HRU is
considered to be used with the drying system for energy saving in the second case.
Computational procedures in sections 6.2 and 6.3 are related with drying system
modeling presented in chapter three while sections 6.3 and 6.4 are related with system
modeling presented in chapter four. All computational precedures for the study cases

are represented in flow charts in Appendix A.

6.2 Computational Procedure for the SAHP Drying System with TES Tank

In order to examine the performance of wheat drying system, a computational
procedure is developed by using interrelated analytical models and expressions for
each system component. The drying system consists of four main components: drying
unit, heat pump, solar collectors, and TES tank. The current drying system is a solar-
assisted heat pump drying system with the TES tank. The numerical computation was

prepared by using MATLAB, and is explained in this section.

The computation procedure passes through several stages. Firstly, heating load for the
drying unit has been calculated through Equations (3.1-3.11). Hourly heating
requirement of the drying unit and wheat mass flow rate are considered to be constant
in this calculation. Secondly, since ambient air temperature changes hourly, the mass

or volume flow rate of the air will change. The power input required by the fan is
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calculated by using Equations (3.12) to (3.41). Thirdly, hourly useful solar energy,
Qu(t), is computed by using Eq. (3.87) in addition to Eq. (3.88), which was
recommended by Yumrutas, and Kaska [61]. Collector efficiency in Eq. (3.88) is
computed by using hourly solar radiation rates on tilted surfaces, TES tank
temperature, and outside air temperature. Solar energy gain is later transformed into
dimensionless form using dimensionless expressions in Eq. (3.69), which is referred
to in [71]. Next, new hourly water temperature in TES tank is estimated through Eq.
(3.85) by utilizing net energy charge rate to TES tank expressed in Eq. (3.86). Finally,
hourly, monthly and annual values of water temperature in TES tank, COP, COPs,
SMER and energy fractions are computed. These computations were done on an
hourly basis for sufficient number of years until the annual temperature distribution of
the water in the TES tank reached annually periodic operating conditions for 10 years

of operation.

6.3 Computational Procedure for the SAHP Drying System with TES Tank and
HRU

In order to examine the performance of a wheat drying system, a computational model
is developed by using analytical models and expressions for each component of the
system. The drying system consists of five main components, which are drying unit,
heat recovery unit (HRU), heat pump, TES tank, and solar collectors. The drying
system 1s defined as solar assisted heat pump (SAHP) drying system with the HRU
and TES tank. A program in MATLAB was prepared for the numerical computations.
This section has an additional part which is HRU to be operated with the drying system
to recover the waste energy from the drying unit. Accordingly, the model of HRU is
added to SAHP drying with TES tank model. Therefor HRU model will be considered

during the calculation procedure.

Procedure of the computational model was explained in this section. Firstly, heating
load for drying unit has been calculated through Equations (3.1-3.11) with using
subscript (1) instead of (a). Hourly heating requirement of the drying unit is constant
with constant mass flow rate of the wheat. Secondly, since hourly ambient air
temperature changes hourly, mass or volume flow rate of the air will change, then its
capacity that enters the condenser is calculated by using Eq. (3.12) through (3.41).
Thirdly, useful solar energy per hour (Qu(t)) has been computed by employing Eq.
(3.87) and the appropriate correlation for collector efficiency suggested by [61].

84



Collector efficiency in Eq. (3.88) has been computed through utilizing hourly solar
energy rates on tilted surfaces, temperature of TES tank, and temperature of fresh air.
Gain in solar energy has been later transformed into dimensionless form using
dimensionless expressions (3.69) given in [71]. In the next step, new hourly water
temperature in TES tank has been estimated through Eq. (3.85) by utilizing the rate of
net energy charged to the tank expressed in Eq. (3.86) with noticing that, qy(t) in Eq.
(3.86) is the energy supplied by condenser to the drying unit. The heat gain of the
fresh air from the HRU may be available when moist exhaust air temperature, T5(t)
from drying chamber is higher than fresh air temperature, T;(t). Therefore,
when Ty (t) = T3(t), the total load for drying process is supplied by heat pump
condenser only, and this situation occurs only in summer season. This situation can be
analyzed by using equations (3.99-3.109), which are used to find all necessary
parameters related with HRU in the calculations. Finally, hourly, monthly and annual
values of water temperature in TES tank, COP, COPs, SMER and energy fractions
have been computed. These computations were done for the drying system hourly
throughout adequate years until the distribution of yearly water temperature in the tank
reached annual periodic operational status for 10 years of operation.

6.4 Computational Procedure for the SAHP Drying System with TES tank for
Periodic Operation

A computational model is developed by using analytical models and expressions for
system components in order to examine performance of drying system. The drying
system comprises of drying unit, heat pump, solar collectors and TES tank. The current

drying system is a solar-assisted heat pump drying system with the TES tank.

The computation procedure passes through several stages as previously explained.
Firstly, heating load for drying unit has been calculated through Equations. (3.1-3.11).
Monthly heating requirement of the drying unit and wheat mass flow rate are
considered constant in this study. Secondly, since ambient air temperature changes
monthly, mass or volume flow rate of the air will change. The power input required by
the fan is calculated by using Equations (3.12) through (3.41). Thirdly, the power
required for compressor and heat pump COP are calculated using Eqn. (4.5) through
(4.11). Fourthly, monthly useful solar energy, Q,(t), and other parameters related are
computed by using Equations (4.64-4.94). Solar energy gain is later transformed into

dimensionless form using dimensionless expressions in Eq. (4.17). Next, new monthly
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water temperature in TES tank using CFFT technique has been estimated through
Equations (4.50-4.54) by utilizing the net energy charge rate to TES tank expressed in
Equations (4.57-4.63). Finally, monthly and annual values of water temperature in
TES tank, COP, COPs, SMER and energy fractions have been computed. These
computations were done on a monthly basis for one year of operation to find the

periodic operating conditions directly without need to several years of operation.

6.5 Computational procedure for the SAHP drying system with TES tank and
HRU for periodic operation

A computational model is developed by using analytical models and expressions for
system components in order to examine the performance of the drying system. The
drying system comprised of drying unit, a heat recovery unit (HRU), a heat pump,
solar collectors and TES tank. The drying system is defined as solar assisted heat pump
(SAHP) drying system with the HRU and TES tank. A program in MATLAB was
prepared for the numerical computations. The different point in this section is that

HRU is considered to work with drying system.

The computation procedure passes through several stages. Firstly, heating load for
drying unit has been calculated through Equations (3.1-3.11). Hourly heating
requirement of the drying unit and wheat mass flow rate are considered to be constant
in this study. Secondly, since ambient air temperature changes hourly, mass or volume
flow rate of the air will change accordingly. The power input required by the fan is
calculated by using Equations (3.12) through (3.41). Thirdly, the power required for
compressor and heat pump COP are calculated using Eqn. (4.5) through (4.11).
Fourthly, monthly useful solar energy, Q,,(t), and other parameters related with it are
computed by using Equations (4.64-4.94). Solar energy gain is later transformed into
dimensionless form using dimensionless expressions in Eq. (4.17). Next, new monthly
water temperature in TES tank using CFFT technique is estimated through Equations
(4.50-4.54) by utilizing net energy charge rate to TES tank expressed in Equations
(4.57-4.63). Equations (3.95-3.101) are used to find all necessary parameters related
with HRU in calculations. Finally, monthly and annual values of water temperature in
TES tank, COP, COPs, SMER and energy fractions are computed. These computations
were done on a monthly basis for one year of operation to find the periodic operating
condition directly without the need of several years of operation as in sections (6.2 and

6.3).
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CHAPTER 7
RESULTS AND DISCUSIONS

7.1 Introduction

This chapter presents and discusses the simulation results of Solar-Assisted Heat Pump
(SAHP) drying system with Thermal Energy Storage (TES) tank and Heat Recovery
Unit (HRU) or without HRU. The drying system comprises of four main components
which are; a drying unit, a heat pump, an underground TES tank, and solar collectors
for the case one in both chapters 3 and 4. While the drying system comprises of five
main components which are; a drying unit, a heat pump, an underground TES tank,
solar collectors, and HRU for the case two in both chapters 3 and 4. In fact, the results

of four cases are presented in this chapter. The cases are as follows:

e The results of mathematical modeling of a SAHP drying system with underground
TES tank are described in this chapter. In this case, Duhamel’s superposition
technique is used to solve TES tank problem and its model and others system
components models in addition to input data are mentioned in chapter three. The
computational procedure for this case is explained and presented in chapter five.

Consequently, only the results of this case are presented in section 8.2.

e The results of mathematical modeling of a SAHP drying system with underground
TES tank and HRU are described in this chapter. In this case, Duhamel’s
superposition technique is used to solve TES tank problem and its model and
others system components models in addition to input data are mentioned in
chapter three. Also, the model of HRU and its input data are presented in chapter
three. The computational procedure for this case which considered HRU to be
used with drying system is explained and presented in chapter five. Therefore,

only the results of this case are presented in section 8.3.

e The results of mathematical modeling of a SAHP drying system with underground
TES tank are described in this chapter. In this case, CFFT technique is used to

Solve TES tank problem. The system components models of this case and input
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data are presented in chapter four. The computational procedure for this case is
explained and presented in chapter five. Accordingly, only the results of this case

are presented in section 8.4.

e The results of mathematical modeling of a SAHP drying system with underground
TES tank and HRU are described in this chapter. In this case, Duhamel’s
superposition technique is used to solve TES tank problem and its model and
others system components models in addition to input data are mentioned in
chapter three. Also, the model of HRU and its input data are presented in chapter
three. The computational procedure for this case which considered HRU to be
used with drying system is explained and presented in chapter five. Consequently,

only the results of this case are presented in section 8.5.

7.2 Results for SAHP Drying System with Underground TES Tank (Case 1)

This section presents the results of the drying system without using HRU which its
model is explained in chapter 3. It is necessary to find performance parameters for the
drying system in order to know whether the system within which the parameters
operate are efficient or not. The performance parameters are: temperature of water in
TES tank, coefficient of performance for the heat pump (COP) and system (COPs),
energy ratios, and specific moisture evaporation ratio (SMER). They have been
computed by executing a computer program in MATLAB and using drying system
parameters such as Carnot efficiency, type of ground, collector area, and TES tank
volume. In the calculations, limestone is used as a geological structure, and Carnot
efficiency (CE), collector area, volume of TES tank are set as, 0.4, 70 m? and 300 m?,
respectively, unless other values of these input parameters are used. Results obtained
from the simulation computations for the first case of the system modeling in chapter
3 are presented in figures, and discussed in this section. This case is to investigate the
drying system performance without using HRU to find periodic situation for 10 years

of operation.

Each earth surrounding TES tank gives different performance parameters because of
different thermophysical properties. Variation of water temperature in the TES tank is
a type of performance parameter. Hence, every performance parameter depends on
storage temperature. For that reason, Fig. 7.1 depicts the individual effects of the three

selected types of ground on temperature variation of water in TES tank during fifth
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year of operation by using these input parameters; collector area (70 m?), Carnot
efficiency factor (40%), storage volume (300 m?), and mass flow rate of cooked wheat
(50 kg h'). The reasons behind selecting these parameters are discussed in the
following figures. It is observed from Fig. 7.1 that water temperatures have higher
values during summer months and lower values during winter season when the TES
tank is surrounded by the coarse graveled earth. But, water temperatures for granite
have lower values in summer and higher values in winter. Limestone gives medium
temperature values that are between coarse graveled and granite, which accordingly
give medium performance parameters. Granite and coarse graveled earth types do not
present widely as a geological structure around Gaziantep City, Turkey. All figures
depict limestone ground since it is widely present in Gaziantep, unless another type is

given in this section.
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Figure 7.1 Effect of earth type on annual temperature variation of water in the TES
tank during fifth year.

Figure 7.2 shows long term temperature variations of water in TES tank surrounded
by three different kinds of earth; coarse graveled earth, limestone, and granite for
September. It is seen from Fig. 7.2 that coarse graveled earth gives greater TES tank
temperatures than the limestone and granite. Such a variation may be attributed to three
thermophysical properties for the ground, which are thermal conductivity, specific heat
and density. Heat capacity (C=pC,) is a property, and depends on density and specific
heat. Thermal diffusivity (a=k/pC,) is another property and depends on thermal
conductivity, density and specific heat. From Table 3.2 which includes the

thermophysical properties, it can be seen that thermal conductivity and diffusivity for
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the coarse graveled earth are lower than the corresponding properties of other two
types, while specific heat and heat capacity are higher than the granite and limestone.
It is observed from these properties that lower thermal conductivity and diffusivity
decrease heat transfer and propagation from the TES tank to the surrounding earth.
While, higher specific heat or heat capacity increases heat absorption capability.
Variation of water temperature during the first few years and after fifth year is another
observation. Water temperature in TES tank increases rapidly until the fifth year of
operation. This indicates that the drying system reaches periodic operation in the fifth

year for the given input system parameters, which adds more significance to the drying

system.
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Figure 7.2 Effect of earth type on annual temperature variation of water in the TES
tank for September.

Figures 7.3 and 7.4 show effects of three different kinds of earth; coarse graveled earth,
limestone, and granite for several years. It is seen from Figs. 7.3 and 7.4 that coarse
graveled earth gives greater COP and SMER than the limestone and granite. Such a
variation may be attributed to three thermophysical properties for the ground, which
are thermal conductivity, specific heat and density in Table 3.2. It is observed from
these properties that lower thermal conductivity and diffusivity such as coarse graveled
earth decrease heat transfer and propagation from the TES tank to the surrounding
earth. Accordingly, COP and SMER increase as shown in Figures 7.3 and 7.4. While,
higher specific heat or heat capacity as in coarse graveled earth increases heat
absorption capability. COP and SMER increase rapidly until the fifth year of operation.

This indicates that the drying system reaches periodic operation in the fifth year
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onwards for the given input system parameters, which adds more significance to the

drying system.
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Figure 7.3 Effect of earth type on COP.
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Figure 7.4 Effect of earth type on SMER.

Annual temperature variation of water in the TES tank for the first, second, third and
fifth year of operation is shown in Fig. 7.5. It is seen from the figure that water
temperature varies rapidly during the first few years. After that this variation decreases,
and the drying system reaches the annual periodic operation in fifth year of operation
onwards. It can be concluded that the number of periodical operation is equal to 5
years. That is, energy input to the TES tank is equal to heat loss from the tank, and

energy balance takes place from fifth year of operation.
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Figure 7.5 Annual temperature variation of water in the TES tank with number of
operation years.

In order to define collector area for selected load or mass flow rate of cooked wheat,
Fig.7.6 illustrates three different collector areas which are 65, 70 and 75 m?. It is known
that higher collector area gives higher water temperature. This indicates that there is a
proportional relationship between collector area and water temperature in TES tank.
An important point is that the selection of collector area should provide reasonable
temperature for the water in TES tank. It is known that minimum collector area should
be selected for reasonable performance parameters and three selected areas were
suitable. When the collector area decreases below 65 m?2, water temperature
approaches 0 °C especially for the first year of operation, and consequently gives lower
performance parameters of COP, COPs and SMER such as in Figs. 7.7 and 7.8.

Therefore, the suitable collector area is 70 m?.
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Figure 7.6 Effect of collector area on annual temperature of water in the TES tank
during fifth year.

92



0] = Ac=65 m2
8 4 Ac=70 m2
® Ac=75m2
2 4
0 T T T T
1 2 3 4 5 6
Years
Figure 7.7 Effect of collector area on heat pump COP.
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Figure 7.8 Effect of collector area on SMER.

Storage volume should be minimized to offer reasonable performance parameters. Fig.
7.9 determines the storage volume for the selected wet wheat mass flow rate of 50 kg
h'l. It is observed from the figure that lower TES tank volume gives higher water
temperature during summer and lower water temperature during winter. That is, lower
tank volume gives higher water temperature amplitude. Once the tank volume is 200
m°, water temperature approaches 5 °C and then, performance parameters decrease to
unreasonable values. For that reason, tank volume is selected as 300 m?, and used to

examine the effect of other parameters on the drying system performance.
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Figure 7.9 Effect of TES tank volume on Ty.

The effect of moisture content existing in wet wheat at final state MCs on SMER is
depicted in Figure 7.10. Three different moisture contents with values of 0, 5, and 10
% for the wet wheat at final state are selected in the analysis for comparison of SMER.
As it is clear from the figure, when the moisture content, MCs increase to 10%, SMER
increases since latent heat requirement decreases with moisture content of wheat.

Consequently, the drying heating load and power input to compressor are decrease.

10
8 1 A s s
/‘/ " - n
v 6 7 ® ® L
m
p= ® MCs=0 %
%)
4 A B MCs=5 %
AMCs=10%
2 i
0 T T T T
1 2 3 4 5 6
Years

Figure 7.10 Effect of moisture content in wheat at final state on SMER.

Figure 7.11 depicts yearly variations of COP, COPs and SMER in order to see the
effect of fan power on COP and periodic operation year. It is seen from the figure that
COP and COPs are reasonably closer to each other for several years. Its reason is that
power consumption of the fan is very low with respect to compressor power. Yearly

fan power required is about 3 % of compressor load. Another point can be drawn from
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the figure that the performance parameters do not change or stay constant after fifth
year. It means that the drying system reaches periodic operation at fifth year. This type

of heating system requires periodic operation time from 5 to 7 years [71].
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Figure 7.11 Yearly COP, COPs and SMER.
Carnot efficiency (CE) is defined as the ratio of Carnot COP to the actual COP. Actual
COP depends on the types and size of a real heat pump. Zogou and Stamatelos [36]
reported in their study that CE values in the ranges from 0.30 to 0.50 for small electric
heat pumps. Therefore, three CE values of 0.30, 0.40 and 0.50 were selected in this
study. Annual variation of water temperature in the TES tank is shown in Fig. 7.12.
When CE increases, water temperature decreases, and COP of the heat pump and
SMER increase. Annual variation of COP and SMER with three different Carnot
Efficiencies are shown in Figs. 7.13 and 7.14, respectively. They increase with the
number of operation years, and reach periodic operation during fifth year, and they

remain constant after periodic condition.
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Figure 7.12 Effect of CE on annual Ty in TES tank during fifth year of operation.
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Figure 7.13 Annual variation of COP with different CE.
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Figure 7.14 Annual variation of SMER with different CE.

It is important to make annual energy balance for the drying system. The energy
supplied to the drying system consists of solar energy, heat pump work and fan power.
The energy supplied to the system should be equal to total useful energy or load for
the dryer unit, partially stored energy in the TES tank, energy lost to the surrounding
earth. Energy fractions are defined as the ratio of each energy component to the total
energy supplied to the system. Figure 7.15 shows energy fractions during the fifth year
of operation for the first, second and fifth year of operation. It is seen from the figure
that solar energy increases, compressor work decreases, and fan power stays constant

throughout years. At the same time, both stored and lost energy decrease, and load
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increases with the years. It is observed that there is no stored energy during the fifth

year operation, that is, the system operates periodically during and after fifth year.

Total energy input to the drying system supplied by solar energy, compressor work
and fan power are 76.63 %, 22.68 %, and 0.7 % respectively during the fifth year of

operation. It is observed from the figure that fan power is below 1 % of total energy

input.
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Figure 7.15 Variation of energy fractions with years of operation.

Mass flow rate of wheat affects performance parameters such as water temperature in
TES tank, SMER, COP and COPs. Heating requirement of the wheat drying is
calculated when wheat mass flow rate is selected. Then, collector area and storage tank
volume are determined to get reasonable performance parameters. For that reason, the
effect of wet wheat mass flow rate on COP during the fifth year or periodic operation
is shown in Fig. 7.16. As it is shown in the figure, three different wheat flow rates (45,
50 and 55 kg h'!) are selected to determine suitable flow rate under the given input
data. The figure also shows that when the wheat mass flow rate is increased, the COP
decreases. However, COP of heat pump range from 3 to 4 for mass flow rate of 55 kg
h!. While, COP values varied from 4 to 5 for the mass flow rates of 45 ad 50 kg h!
during the periodic operation year. Thus, these values are reasonable for the solar-
assisted heat pump drying system. When mass rate of wheat is higher than 55 kg h™'for
TES tank volume of 300 m* and collector area of 70 m?, water temperature will go
under 5 °C, and consequently COP will go under 3 during the first year, which makes

this value unreasonable. Consequently, W4 or mass rate of wheat is taken as 50 kg h™!
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for all calculations since it is suitable for all performance parameters of the drying

system.
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Figure 7.16 Effect of wheat mass flow rate variation on COP.

Heating load for the drying unit that must be provided hourly during the year is
considered constant and that load is divided into two parts; sensible and latent heat.
The biggest part of the load of wet wheat is the latent. In order to evaporate the
moisture present in the wet wheat, more heat is required. There are some factors such
as moisture content of wheat at inlet and outlet states of wheat. Moisture content of
inlet state of wheat should be considered to be within reasonable values. Therefore,
the effect of moisture content existing in wet wheat on performance parameters of
water temperature in TES tank, and SMER is shown in Figs. 7.17 and 7.18,
respectively. Three different moisture contents with values of 27.5, 30, and 32.5 % for
the wet wheat are selected in the analysis for comparison of water temperature, SMER
and COP. As it is clear from those figures, when the moisture content, MC4 decrease
to 27.5%, the all performance parameters of Tw, SMER, and COP increase since latent
heat requirement decreases with moisture content of wheat. For that reason, heating
load will decrease, and higher performance parameters of Tvw, SMER, and COP are
obtained. These three different moisture contents with values of 27.5, 30, and 32.5 %
are selected according to [110]. The intermediate value which is 30% is selected for

all other calculations in this case study.
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Figure 7.17 Effect of entering moisture content of wheat on Ty.
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Figure 7.18 Effect of entering moisture content of wheat on SMER

7.3 Results for SAHP Drying System with Underground TES Tank and HRU
(Case 2).

This case investigates thermal performance of SAHP drying system with and without
Heat Recovery Unit (HRU) in order to know whether the system operates efficiently
or not by finding performance parameters. These parameters are: temperature of water
in the TES tank, coefficient of performance for the heat pump (COP) and system
(COPs), Specific Moisture Evaporation Ratio (SMER), energy fractions and energy

saving in the HRU. They have been computed by executing a computer program in
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MATLAB and using drying system parameters such as hourly solar energy on
horizontal surfaces and temperatures of fresh air and other input parameters. In this
case, same input data presented in chapter three are used for both drying system with
HRU and without HRU in the referred figures otherwise, the figures for drying system
with HRU are used. In this section, effect of each input parameter on the performance
parameters will be discussed. These input parameters are type of geological structure,
use of the HRU, collector area, TES tank volume, wheat mass flow rate and moisture
content in dried wheat at final state. They will be discussed in the following

subsections.

The different geological structures present around TES tank gives different
performance parameters since each of them has different thermophysical properties.
Water temperature in the tank comes under performance parameters since it affects all
performance parameters for the SAHP drying system. Therefore, thermophysical
properties for three commonly used earth types, which are coarse graveled earth,
granite and limestone, are used to show the effect of soil type on water temperature in
the tank in year 5 of operation, as shown in Fig. 7.19. The figure illustrates that water
temperatures have higher values during summer months and lower values during
winter months for all types of earth since energy charged in the tank has been extracted
by heat pump evaporator during all seasons. During winter months, solar energy
charging to the TES tank declines to the minimum values. Water temperature reaches
the higher values when there is coarse graveled earth around the tank; while water
temperatures for granite have lower values, and limestone gives medium temperature
values that are between coarse graveled and granite. This is the case because values of
thermal conductivity and diffusivity, specific heat and heat capacity of the limestone
are between those values of the coarse graveled and granite. The medium temperature
values give medium performance parameters. Sequencing of the water temperature
distributions for these type of earths are in line with the studies [71; 108]. Granite and
coarse graveled earth types do not exist widely as a geological structure around the
Gaziantep City, Turkey. Therefore, all figures will illustrate limestone unless another

type is given in the present study.
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Figure 7.19 Effect of geological structure on yearly water temperature in the tank in
fifth year.

Figure 7.20 shows long-term temperature variations of water in the tank which is
surrounded by three various kinds of earth in September with and without HRU. The
figure indicates the impact of various earth types and HRU on temperature of water in
the tank. Coarse graveled earth has been shown to give greater tank temperatures than
the limestone and granite type of ground for the system with and without HRU. It is
possible to explain this situation by using three thermophysical properties for the
ground, which are thermal conductivity, specific heat and density. Heat capacity (C =
p Cp) is a property, and depends on density and specific heat. Thermal diffusivity (@ =
k/pCy) is another property and depends on thermal conductivity, density and specific
heat. Table 1 shows that all these properties for the coarse graveled earth existing
between those corresponding properties for the granite and limestone. It is observed
from these properties that lower thermal conductivity and diffusivity lead to lower heat
transfer and propagation from the TES tank to the surrounding earth. Higher specific

heat or heat capacity lead to higher capability of heat absorption.

Second observation from the Fig. 7.20 is that using HRU increases water temperature.
There is about 10 °C increment in water temperature for each type of earths when the
HRU is employed since some of the waste heat rejected from the drying unit is gained
by the HRU, and the heat gain will lower the use of energy extracted from the TES
tank. At this situation, temperature of water increases, and as a result, this increment

will increase performance parameters of COP, COPs and SMER.
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Fluctuation of water temperature during the first few years and fifth year onwards has
also been observed. Water temperature inside the tank increases rapidly until year 5 of
operation. This indicates that the drying system reaches periodic operation on the fifth

year for the given input system parameters, which is also an important point for the

SAHP drying system.
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Figure 7.20 Effect of geological structure and HRU on yearly water temperature in
the tank in September.

Heat gain from a waste energy is very important regarding energy saving and cost. In
the SAHP drying system, some of the waste heat is gained by using a HRU. Figure
7.21 demonstrates the impact of the HRU upon the temperature of water in TES tank
in the drying system operated with and without HRU. The variation of water
temperature is explained during first, fifth and seventh year of operation. The figure
shows that the water temperature approaches 0 °C in winter particularly in January and
February because of low ambient air temperature and available solar energy charged
to the TES tank for the system working without using HRU. The lower water
temperature gives lower system performance parameters. When water temperature
approaches 0 °C, it will be necessary to use auxiliary heating system such as electric
heater. When the HRU is used, water temperature increases to about 15 °C for the
winter months and 45 °C for summer months. This temperature range gives higher or
reasonable performance parameters. It is clearly understood from the figure that the
auxiliary heating will not be used. The figure also indicates that use of the HRU will
have strong effect on the system performance. The following figure shows to extent

the use of HRU will effect performance parameters of COP and SMER values
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Figure 7.21 Yearly variation in water temperature in the TES tank for number of
operation years with and without using HRU.

It is known that adding HRU to the drying system increases performance parameters
of the drying system due to increased water temperature. In order to know the effect
of the HRU on the drying system performance, it is possible to compare performance
parameters of SMER and COP for the drying system with and without HRU. Yearly
variations of SMER and COP are shown in Fig.7.22, which explains the parameters
increase gradually depending on years. The system reaches periodic operation during
fifth year for given input parameters and distributions of both parameters are similar.
This is normal since the SMER is a function of the COP. Yearly variation of the COP
is in line with the variation of COP given in the study [71]. However, values of the

COP are different since loads of the heating systems are different.

It is noted that yearly COP of heat pump increases from 4.20 to 5.55 (32.14%), and
yearly SMER for the drying system increases from 5.69 to 9.25 (62.56%) by using
HRU for fifth year of operation. Variation of SMER is approximately double the COP
variation when the HRU is applied to the drying system. The maximum upsurge in
COPis (32.14%) and for SMER is (62.56%) because compressor work input decreases
basically by using HRU or heat gaining from the HRU since the SMER is directly

proportional with a value of 1h,/Qy given in Eq. (3.121).
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Figure 7.22 Comparison of yearly COP and SMER for number of operation years with
and without using HRU.

Solar energy is the most important parameter for the performance of the SAHP drying
system since the amount of stored solar energy depends on the collector area. For that
reason, it is necessary to examine the influence of collector surface area on water
temperature in the tank for selected mass flow rate of 100 kg h! cooked wheat.
Monthly temperature variation of water in the TES tank is shown in Fig. 7.23 for three
collector areas of 75, 100 and 125 m?. It is known that higher collector area gives
higher solar energy charging to water in TES tank, and lower collector area gives lower
solar energy. Considering all that, the selection of the collector area should provide
reasonable temperature for the water in the TES tank since reasonable temperature
gives reasonable performance parameters. As it is seen from the figure, the three
temperatures are suitable. When the collector area is selected as 75 m?, water
temperature approaches 0 °C during first year, and performance parameters will be
lower than reasonable value. There is a criterion based on which, water temperature
shall not approach 0 °C especially for the first year of operation. Collector area is set

as 100 m? since it is suitable.
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Figure 7.23 Effect of collector area on yearly water temperature in the tank in year 5.

Performance parameters are important for the drying system. The parameters are water
temperature in the tank, SMER and COP. Impact of collector area upon variation in
water temperature during fifth year is discussed in Fig.7.24. The effects of collector
area on SMER and COP for the drying system with HRU are illustrated in Fig.7.24 for
three different collector areas which are 75, 100 and 125 m? for year 5 of operation. It
can be noticed that the COP and SMER increases with the collector area because of
increasing energy charging to the TES tank. It is important to select a reasonable
collector area in order to have a reasonable SMER and COP. It is seen from the figure
that SMER ranged between 5 and 7, and COP ranged between 3 and 4 for the collector
area 75 m? during fifth year of operation. These are not reasonable values for the
periodic operation. When collector area is selected as 100 m?, COP takes reasonable
values between 4 and 6, and the values of SMER are between 7 and 10. The results for
the COP are in agreement with [71]. Because of these reasonable values of COP and

SMER, collector area is selected as 100 m? for the other input data used in this study.
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Figure 7.24 Effect of collector area on yearly SMER and COP.

The heating load of the drying unit is energy required to remove moisture from the
wheat. The load is corresponds to heat pump condenser and HRU. Utilizing of HRU
offers an opportunity to use the waste heat from drying unit for energy saving. The
heating requirement depends on mass flow rate of wheat. That is, source of energy
need is the wheat mass flow rate. When it changes, heating requirement will change.
The effects of wet wheat mass flow rate on performance parameters of water
temperature in the tank, and SMER and COP are depicted in Figs. 7.25 in year 5 of
operation, while Fig. 7.26 shows these data for several years of operation. Three
different wheat flow rates, which are 75, 100 and 125 kg h!, used in the analysis will
be compared to select suitable flow rate under the given input data. It can be seen from
those figures when the wheat mass flow rate is increased, the all performance
parameters, Tw(t), COP, and SMER will decrease. It is clearly observed from the
Fig.7.25 that the performance parameters changes in suitable ranges if wheat flow
rates, W5 are selected as 100 kg h'! and 125 kg h''. However, when the W5 is selected
as 75 kg h'!, values of the COP and SMER will be around 4 and 7 during fifth year,
respectively. These values are not reasonable values for the SAHP drying system.
Consequently, Ws is selected as 100 kg h™! since it is suitable for all performance

parameters of the drying system.
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Figure 7.25 Effect of wheat mass flow rate on hourly water temperature in the tank in
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Figure 7.26 Effect of wheat mass flow rate on yearly SMER and COP.

Heating load for the drying unit that must be provided hourly during the year is

considered constant and that load is divided into two parts; sensible and latent heat.

The biggest part of the load of wet wheat is the latent. In order to evaporate the

moisture present in the wet wheat, more heat is required. There are some factors such

as moisture content of wheat at inlet and outlet states of wheat. Moisture content of

final state of wheat should be considered to be within reasonable values. Therefore,

the effect of moisture content existing in dried wheat on performance parameters of

water temperature in TES tank, and SMER and COP is shown in Figs. 7.27 and 7.28,

respectively. Three different moisture contents with values of 0, 5, and 10 % for the

dried wheat are selected in the analysis for comparison of water temperature, SMER
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and COP. As it is clear from those figures, when the moisture content, MC¢ decrease
to 0%, the all performance parameters of Tw, SMER, and COP decrease since latent
heat requirement increases with moisture content of wheat. For that reason, heating
load will increase, and lower performance parameters of Tw, SMER, and COP are
obtained. It is seen from Fig. 7.28 that COP ranges between 3 and 4 for moisture
content of 0 %, and between 3.73 and 4.66 for 5 % of moisture content. At the same
time, the 0% and 5 % of moisture content of the wheat at the exit state elevate energy
demand for the drying unit. However, moisture content of 10 % is suitable for energy
saving for the drying system. Storing the dried wheat at this moisture content 10 %
can be accepted, and it can be stored in a safe climatic condition, that is below room
temperature [2]. Moisture content with 10 % gives higher performance parameters for
the SAHP drying system. Therefore, moisture content at exit state of wheat is selected

as 10 % for all calculations in this study.
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Figure 7.27 Monthly variation in the temperature of water with respect to wheat
moisture content at the exit during fifth year.
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Figure 7.28 Yearly variation of SMER and COP with respect to wheat moisture
content at exit state.

There are three important performance parameters for the drying system, which are
COP, COPs and SMER. These indicate the convenience of the drying system. Figure
7.29 presents the effect of selected parameters for the drying system on the COP, COPs
and SMER. They increase starting from July, and reach the maximum values in August

due to the high ambient air temperature and available solar energy stored in the tank.

Ambient air having high temperature requires lower energy absorbed from the
condenser and lower compressor work. At the same time, high solar energy raises
water temperature in the tank. Heat pump evaporator has extracted more energy from
the tank. Due to the higher absorbed energy by the refrigerant in the evaporator and
lower energy rejected from the condenser, the compressor work of the heat pump
lowers. Consequently, COP, COPs and SMER will increase during the summer
months. Another point is that COP of the heat pump and SMER are parallel to each
other throughout the year. The physical mentalities of the COP and SMER are similar
since COP is heat rejected from the condenser for one kilowatt energy consumption of
the compressor, and SMER is mass of evaporated moisture for one kilowatt of energy
requirement. The other important result shown in the figure is that the COPs for the
drying system is lower than COP for the heat pump in June, July, August and
September which considered local summer months, but closer to each other in
remaining months. These conditions can be explained as; load of drying unit and
supply air temperature T> are constant, and pre-condenser air temperature in addition

to air mass flow rate are variables. The total load supplied by the system which equal
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to drying load is composed of condenser and HRU loads. Accordingly, pre-condenser
air temperature has inverse relation with air mass flow rate. During June, July, August
and September, ambient air temperature increases then temperature difference between
the ambient air and supply air temperatures decreases. As a result, fan capacity and its
power should be increased. For that reason, fan power increases and COPs for the
system decreases during June, July, August and September. Using the HRU in this
study raises monthly COP, COPs, and SMER particularly from October to May
because the HRU recovers the waste heat from drying unit and increases the ambient
air temperature before entering the condenser. As a result, COP, COPs, and SMER

will increase.
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Figure 7.29 Average monthly variation of COP, COPs and SMER.

The SAHP drying system has input energies, which are solar energy, compressor and
fan works. All of these energies constitute the total energy provided to the drying
system for long-term period. Part of the charging energy to the TES tank is stored in
the tank while the remaining part is lost to the ground. Remaining part of the input
energy lost to the ground when temperature of the ground surrounding the tank is less
than stored temperature of water. Annual input and output energies for the drying
system may be represented as the ratio of individual energy component to the overall
yearly energy. Yearly energy fractions for the drying system for the first year of
operation with different TES tank volumes of 200, 250, and 300 m® are depicted in
Fig. 7.30. It is seen from the figure that 80% of the energy input consists of solar

energy, about 19% from the compressor work, and only 1 % is charged by the fan.
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Fractions of stored energy in the tank and energy lost increase while heat gain by the
HRU and compressor work decrease when tank volume increases. The figure indicates
that increasing the stored energy and decreasing compressor work will increase

performance parameters of SMER and COP for the SAHP drying system.
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Figure 7.30 Effect of TES tank volume on energy fraction for 1st year of operation.

The SAHP drying system operates as unsteady state annually. Therefore, performance
parameters change hourly. Figure 7.31 depicts time effect on energy for first, second,
and fifth year of operation. This figure indicates that solar energy fraction goes up
while the compressor work fraction goes down depending on operating years. Energy
fraction for fan is very low and slightly increases with time when the drying system is
operating for second and fifth years. It can be observed from the figure that stored and
lost fractions decrease, while heat gain by the HRU condenser load fractions increase
with time. Since energy is charged to the TES tank, temperature of water in the tank
increases. The tank loses energy to the ground since its temperature is higher than that
of the geological structure. The ground absorbs heat and its temperature increases by

time. After long time, heat lost will decrease by over years.
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Figure 7.31 Effect of years of operation on energy fractions.

7.4 Results for SAHP Drying System with Underground TES Tank (Case 3)

This section presents the results of the drying system without using HRU which its
model is explained in chapter 4. In the calculations, limestone is used as a geological
structure as default for Gaziantep and may be used for other selected cities. The
collector area, TES tank radius, wheat mass flow rate, moisture contents of wheat at
inlet and outlet, and T- are set as, 45 m?, 3 m, 30 kg h!, 25%, 10%, 55 °C, respectively.
The default input data for city, collector parameters, latitude, ground type are
Gaziantep, one glass-cover black surface, B = 37.1°, and Limestone, respectively
unless other values of these input parameters are used. Results obtained from the
simulation computations for the first case of the system modeling in chapter 4 are
presented in figures, and discussed in this section. This case is to investigate the drying
system performance without using HRU to find periodic situation by 1 year of

operation.

Each earth surrounding TES tank gives different performance parameters because of
different thermophysical properties. Also different cities give different performance
parameters. Variation of water temperature in the TES tank is a type of performance
parameter. Hence, every performance parameter depends on storage temperature. For
that reason, Fig. 7.32 depicts the individual effects of the four selected types of ground
on temperature variation of water in TES tank. Figure 7.32 shows the annually periodic
variation of water temperature in the storage buried in four different earth types. Figure

7.32 shows the annually periodic variation of water temperature in the storage buried
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in four different earth types. The highest temperature occurs at the end of the summer
season while the lowest temperature occurs at the end of the winter season. Energy
charged to the storage by solar collectors throughout the summer season results in an
increase in the temperature of the storage. Extraction of energy from the storage
through the winter season results in a decrease in the storage temperature. It is seen
also from the figure that highest temperatures occur in the storage surrounded with
sand in most months which has the lowest thermal conductivity while lowest
temperatures occur in the storage surrounded with granite which has the highest

thermal conductivity.

50

® Sand
A Coarse
Limestone

B Granit
30

20 1

10 T T T T T T T T T T
July Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun

Months
Figure 7.32 Effect of different geological structures on water temperature in

TES tank.

The effects of different cities on annually periodic variation of water temperature for
limestone ground are illustrated in Fig. 7.33. The highest water temperature in the tank
can be observed for Gaziantep and Ankara while the minimum water temperature is
recorded for Elazig in winter months and Izmir in July, August, and September. The
different meteorological data for cities gives this different in water temperature in TES

tank.
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Figure 7.33 Effect of selected cities on water temperature in TES tank.

Figure 7.34 shows the effect of collector types on the water temperature in the storage

embedded in limestone. It is observed that the lowest storage temperature takes place

when the collector type is selected for black paint-two glass cover. But the other

collectors give approximately the same temperature for a month. So, the collector

parameters corresponding to a black paint-1 glass cover collector, which is widely used

in applications, was used in all calculation results for this section and section 8.5.
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Figure 7.34 Effect of collector parameters on water temperature (limestone,

Gaziantep).

Figures 7.35 illustrates variation of collector efficiency for different earth types. It is

seen from this figure that collector efficiency is high for granite for all months while

sand has the minimum values among selected ground types.
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Figure 7.35 Annual variation of the collector efficiency for different geological

structures.

Figures 7.36 and 7.37 illustrate variation of annual COP and SMER with collector
surface area for different earth types. It’s observed from the Fig. 7.36 that all earth
tapes are increase linearly with increasing collector area. Sand earth type has higher

COP while granite earth has the lowest values among selected earth types.
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Figure 7.36 Annual COP versus collector area for four different collector area.

Figure 7.37 shows linearly increasing of SMER by increasing collector area. There is
a proportional relation between collector area and SMER. The highest values can be
seen with sand ground while the lowest value is recorded with granite as its clear from

the figure.
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Figure 7.37 Effect of collector area on SMER.

The input data for wheat to the drying unit are important to take into account to know
their effects on system performance parameters. The effects of the values 20, 22.5, 25,
27.5, and 30 % for moisture content in wheat at initial state on system performance
parameters are investigated and depicted in Figs. 7.38, 7.39, and 7.40. Figure 7.38
shows that when the moisture content in wheat at initial state is increased the annual
periodic variation of water temperature in tank is decreases. Its mean that there is an
inversely relation between moisture content percentage and water temperature in tank.
The minimum value of annual water temperature is recorded at maximum value (30%)
of moisture content and the maximum value of annual water temperature can be seen
at minimum value (20%) of moisture content among selected values. Figures 7.39 and
7.40 illustrate the effects of moisture content in wheat on COP and SMER,
respectively. These figures show that the increasing in moisture content leads to
decreasing of COP and SMER. There is also an inversely relation between moisture
content percentage and COP and SMER. Another observation from the figures is that
COP and SMER for sand ground (in comparison with other types) are decline steeply
while for granite they decrease linearly and gradually with increasing in moisture

content and it has the minimum values of COP and SMER among selected earth types.
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Figure 7.38 Effect of moisture content in wheat at initial state on water temperature.
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Figure 7.39 Effect of moisture content in wheat at initial state for different ground

types on COP.
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Figure 7.40 Effect of moisture content percentage in wheat at initial state for different
ground types on SMER.
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The effects of the values 5, 7.5, 10, 12.5, and 15 % for moisture content in wheat at
final state on system performance parameters are showed in Figs. 7.41, 7.42, and 7.43.
The highest value of annual water temperature can be seen at (MCs=5%) while the
lowest value is recorded at (MCs=15%) as it’s clear from Fig. 7.41. The maximum
values of water temperature for all selected moisture content values are recorded in
summer months such as July, August, and September however minimum values can
be observed in winter months such as January and February. Figures 7.42 and 7.43
showed the effects of moisture content percentage on COP and SMER respectively.
COP and SMER for sand ground are more affected than other ground types by
increasing the moisture content of wheat, while the granite has the least affected by
moisture increasing. The minimum values of COP and SMER for all ground types are
showed from Figs. 7.42 and 7.43 at minimum value (MCs=5%) however the maximum
values of COP and SMER can be observed at maximum value of moisture content
(MCs=15%). Another observation from these figures can be clarified that there is
proportional relation between performance parameters and moisture content

percentage in wheat at final state.
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Figure 7.41 Effect of moisture content in wheat at final state on water temperature.
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Figure 7.42 Effect of moisture content in wheat at final state for different ground types
on COP.
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Figure 7.43 Effect of moisture content in wheat at final state for different ground types
on SMER.

Any change in mass flow rate of wet wheat affects performance parameters such as
COP and SMER. Accordingly, the effects of five different mass flow rate of wheat on
COP and SMER for four different ground types are depicted in Figs. 7.44 and 7.45
respectively. Five different wheat flow rates (20, 25, 30, 35 and 45 kg h™'!) are selected
for four ground types to determine suitable flow rate under the given input data. The
selected ground types are sand, coarse, limestone, and granite. Both figures are showed
that when mass flow rate of wet wheat is decreases the COP and SMER are increases
and vice versa. Its mean there is an inversely relation between them. It can be seen that

the maximum values for COP and SMER for all ground types are at minimum values
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for mass flow rate. The figures indicate that sand ground has the maximum value while

granite has the minimum value among selected ground types.
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Figure 7.44 Effect of mass flow rate of wheat on COP.
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Figure 7.45 Effect of mass flow rate of wheat on SMER.

7.5 Results for SAHP-TES-HRU (Case 4).

This section presents the results of the drying system without using HRU which its
model is explained also in chapter 4. But here the effect of using Heat Recovery Unit
(HRU) is considered in the analysis. In other word the drying system for this case
comprises of a drying unit, a heat pump, TES tank, solar collectors, and HRU. The
collector area, TES tank radius, wheat mass flow rate, moisture contents of wheat at

inlet and outlet, and T2 are set as, 50 m?, 3 m, 50 kg h'!, 22.5%, 12.5%, 55 °C,
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respectively. The default input data for city, collector parameters, latitude, ground type
are Gaziantep, one glass-cover black surface, 3 = 37.1°, and Limestone, respectively

unless other values of these input parameters are used.

Figure 7.46 shows the annually periodic variation of water temperature in the storage
buried in four different earth types. The maximum water temperature in summer
months such as July and August while the minimum water temperature can be seen in
winter months such as January and February for all ground types. It can be seen from
the figure that sand and coarse ground are affected by the using HRU more than other

types because of thermophysical properties.
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Figure 7.46 Effect of different geological structures on water temperature in TES tank
with HRU.

Figure 7.47 1s illustrated to show the effect of using HRU on water temperature in TES
tank for coarse gravelled earth and limestone. The water temperature in tank increases
with using HRU for same input data as shown in the figure. This figure indicates that
water temperature for both limestone and coarse gravelled earths are affect in summer
months by low values in comparison with recorded values in winter months because
HRU will be active in the winter more than summer. This figure reveals that coarse
gravelled earth is affected by using HRU more than limestone because they have

different themophysical properties.
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Figure 7.47 Comparison of water temperature with different geological structures with
and without HRU.

Figure 7.48 shows approximately linearly increasing of SMER by increasing collector
area. There is a proportional relation between collector area and SMER. The highest
values can be seen with coarse gravelled ground while the lowest value is recorded
with limestone as its clear from the figure. Another observation from this figure is that
coarse earth increased more than 25% at collector area 50 m?, while the limestone

increased less than this value because it has different thermophysical properties.
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Figure 7.48 Comparison of SMER with different geological structures with and
without HRU.

The effect of moisture contents (MCs=20, 22.5%) in wheat at initial state on water
temperature in the tank is illustrated in Fig. 7.49. This figure indicates that when the

moisture content in wheat at initial state increases the water temperature decreases.
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Water temperature is increased about 7.5 °C at (MCs=20%) and 7.5 °C at
(MC5=22.5%) for July with using HRU. These values fluctuate during the reaming

months of the year as it is evident in the figure.
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Figure 7.49 Effect of moisture content in wheat at initial state on water temperature
with and without HRU.

The final state of moisture content in wheat is important to be known when designing
the drying system. Therefore, Fig. 7.50 shows the effects of different moisture contents
in wheat at final state on water temperature with and without using HRU. Water
temperature in the tank increased about 7 °C at (MC6=10 %) and (MC6=12.5%) for

July with using HRU, and the maximum values can be noted in January for both cases.
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Figure 7.50 Effect of moisture content in wheat at final state on water temperature
with and without HRU.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

Thermal performance analysis of a SAHP drying system including TES tank with and
without HRU is performed in the present study. Mathematical expressions for each
individual component of the system (drying unit, HRU, solar collectors, heat pump
and TES tank) are derived to find a mathematical modeling for the drying system and
its performance parameters. Two different models (long-term and periodic operation)
are used for SAHP drying system with TES tank, and each model is performed with
and without using HRU. Consequently, four cases are investigated in this study. Many
important input parameters, such as collector area, type of earth, TES tank volume,
Carnot Efficiency (CE), mass flow rate of product, collector area, moisture content in
wheat are considered in the analysis. A MATLAB program is prepared to compute the
effects of those input parameters on system performance parameters such as water
temperature in the TES tank, SMER, heat pump COP, system COPs, and energy
fractions. The most important results obtained from this study are outlined below:

1- Itis observed that all performance parameters, such as water temperature in TES
tank, COP of the heat pump (COP) and system (COPs), SMER, and energy
fraction for the load increase gradually from the beginning of drying operation
until fifth year of operation. The system works as a periodic operation from fifth
year onwards.

2- Earth type or thermophysical characteristics of the geological structure around
the underground TES tank have a great effect on the drying system performance.
Thus, it is recommended that suitable region should be selected for installing
such a drying system.

3- When wheat mass flow rate and Carnot Efficiency are selected as 50 kg h™! and
40% more suitable collector area and TES tank volume are obtained as 70 m?

and 300 m° respectively. For these values, the performance parameters of the

COP, COPs and SMER are obtained as 4.2, 4.1 and 6 respectively, when the
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drying system reaches periodic operation from fifth year onwards for the Case
One (SAHP drying system with TES tank using long-term operation).

Total energy input to the drying system supplied by solar energy, compressor
work and fan power are 76.63 %, 22.68 %, and 0.7 % respectively during the
fifth year of operation. Condenser fan power is below 1 % of total energy input
to the drying system for the Case One of this study.

When mass flow rate of wet wheat and moisture content of dried wheat are
selected as 100 kg h! and 10 %, the volume of TES tank and collector area are
obtained as 300 m® and 100 m2. Accordingly, annual COP and SMER variety
from 4 to 6 and 6 to 10, respectively for the Case Two in this study

Moisture content of wheat at initial state and solar collector area have a
proportional relation with COP, COPs, SMER, and temperature of water in TES
tank. While, wheat mass flow rate has inverse relation with them.

Using HRU saves 21.4 % of energy of the total heat load of the drying unit for
Case Two 1n this research.

It 1s observed that the drying system reaches periodic operation in fifth year
onwards.

System COPs is obtained as approximately 5% lower than heat pump COP for
Case Two (SAHP drying system including TES tank and HRU using long term
operation) in this study.

The collector efficiency is recorded the maximum value throughout months for
granite earth among selected types while the minimum value can be seen for
sand, this observation can be found in Case Three (SAHP drying system with
TES tank using periodic operation).

Solar collector area has a proportional relation with performance parameters
such as water temperature in TES tank, heat pump COP, and SMER. This finding
is shown for Case Three and in line with results of Cases One and Two.
Moisture content in wheat for initial and final states has a strong effect on system
performance parameters. This conclusion drawn from Cases Three and Four
analyses are in line with results of Cases One and Two.

Using HRU unit with the drying system for Case Four gives higher performance
parameters in comparison with using the same input data and system without

HRU. This result is in line with the findings of Case Two.
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8.2. Recommendations for Future Research

The following recommendations have been suggested in this study for further study:

1-

The optimal value per hour for each parameter do not necessarily mean that it
is considered the optimal value for other parameters in the same hour.
Accordingly, the optimization of the drying system is separate study and may
be involved in further studies.

Exergy analysis is another suggested study to assess the exergy destruction in
the system components and possibility of development for energy saving.
This study did not addressed cost analysis for the drying system because it is
out of this study’s scope.

There are some assumptions in this study that can be studied later in depth such
as; soil is assumed to have constant thermal properties and homogeneous
structures. Thermal properties are dependent on the soil composition and
moisture content. Energy transport in the soil occurs by means of both
conduction and convection. Convection heat transfer and phase change of
moisture in the soil may be also involved in a further study.

Thermal performance of a solar-assisted heat pump drying system can be
studied experimentally for several years of operation. The experimental study
gives the validity of this work. Then the study will become more
comprehensive and realistic. Experimental study can be done by taking a

prototype of the system.
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Figure A. 1 Flow chart of first model (case 1)

|
Input data for drying unit T,, T, MC,,
MCS, and wheat mass flow rate

Input thermophysical properties for
water and soil , CE, collector area,
tank radius, and condenser parameters

Calculating the drying heating load J

v

Calculating the condenser area at
minimum temperature

/ Metrological inputs, I(i), T (i)

v

Calculating fan power input and ]

solar on tilted

Useful solar energy and
dimensionless compressor work

Hourly water temperature in TES
tank , COP, COPs, and SMER

Yes

Calculating yearly water temperature in TES tank ,
COP, COPs, SMER and energy fractions

Figure A. 2 Flow chart of first model (case 2)
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dimensionless compressor work

v

L Hourly water temperature in TES ]

v

tank , COP, COPs, and SMER

Calculate yearly water temperature in TES tank ,
COP, COPs, SMER and energy fractions

Figure A. 3 Flow chart of second model (case 3)
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Figure A. 4 Flow chart of second model (case 4)
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Appendix B. 1 MATLAB program for Case 1

clc

clear

close all
$load('todit', 'ii', "to");
load ('IITO', '1ii', 'to");
load('omega2', 'omegal') ;
load('wf', 'wfan');

rhow = 1000;

cpw = 4.187;

tinf = 288;

£2=60;

te=(-9+t2) /2;

fi =((273+t2) - 288) / 288;
fc=((273+tc) - 288) / 288;
ac =70;

ce=0.4;

nodryer = 1;

r = 4.1528;

v =4/3 * pi * r"3;

rhos = 2500;

cps = 0.9;

con = 1.3;

alpha = 5.75e-7;
cpa=1006;

t5=25;

t6=50;

mc5=30;

mc6=0;

W5=50;

W6=W5- ( (W5* (mc5-mc6))/ (100-mc6)) ;
mw5=W5*mc5/100;
mw6=W6*mc6/100;
mevap=mwS-mwb6;
mp=W5-mevap;
mpw=mp/3600;

mcp= (W5-W6) /W6 ;
cpwt=1398.3+(4090.2* (mcp/ (1l+mcp) ) ) ;
mw=mevap/3600;

hfg=2412
gevap=mw*hfg*1000;
gdp=mpw* (cpwt) * (t6-t5) ;
gcond=gdp+gevap;
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u=1.7;
fr=0.9;
taln=0.8;
tgalf=taln;
ul=8;
p= rhow * cpw / (3 * rhos *cps);
dt = 3600 * alpha / r"2;
pl=p/dt;
rt=1/(sqrt (pi*dt)) ;
sbtl=(nodryer * ac) / (4 * pi * r * con * 288);
crp (1111111111 1171;
ido = [31 31 30 31 30 31 31 28 31 30 31 30];
ef=[0.56 0.55 0.49 0.39 0.32 0.27 0.29 0.35 0.40 0.47 0.5
0.557;
re=[{0.1 0.1 0.1 0.1 0.1 0.1 0.3 0.7 0.5 0.3 0.1 0.171;
day=0;
ihr = zeros(1l,12);
tay=zeros (10,8760) ;
lg=zeros(1l,12);
del=zeros(1l,365);
n=zeros (1l,12);
n(l)=ido (1) ;
lg(l)=ido (1) ;
for i=2:12
1lg(i)=n(i-1)+ido (1)
n(i)=1lg(1i);
end
crl=2*pi/365;
cr2=pi/180;
pir = zeros(1l,365);
delta=zeros (1, 365);
for i=1:365
pir(i)=crl* (284+1i);
delta(i)=23.45*sin(pir(i));
del (i)=cr2*delta (i) ;
end
bt=37.1;
fai=37;
fii=fai*pi/180;
btt=bt*pi/180;
jl=1;
dec=2;
n=182;
tem=0;
tsum=0;
gs=1353;
nn=n-182;
for i=1:8760
if (n==365),n=0; end
n=n+1;
if (nn==365),nn=0; end
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nn=nn+1;

1=floor (((i-1)/24)+1);
wl(i)=15*(t 12) *pi/180;
w2 (1)=15*(t-11) *pi/180;
w(i)=(wl(i)+w2(1))/2;
rin(nn)=2*pi*n/365;

rg(nn)=(43200.*(gs./pi)) .*(1+(0.033.*cos(rin(nn)))) (cos
(fii) .*cos(del (n)) .* (sin(w2 (1)) -sin(wl (1i)))+ ((w2 (1) -
wl(i)).*sin(fii) .*sin(del(n))));

iio(i)=abs(rg(nn));
kt(i)=1i(1i)/1iio(1)*41870;
if (kt(i)<=0.35)
1idi(1)=1-0.249*kt (1) ;
elseif (kt(i)<=0.75)
idi(i1i)=1.557-1.84*kt (i) ;

else
idi(i)=0.177;
end
rbc(i)=((cos (fii-
btt) *cos(del (n)) *cos(wl (i)))+(sin(fii-
btt)*sin(del(n))))/ ((cos (fil) *cos (del (n)) *cos (wl(1i)))+ (si

n(fii)*sin(del(n))));
bs (i)=abs (rbc(i)):;

f(bs(i)>=2)
rb(i)=0.4;
else
rb (i)=bs (1) ;
end
arl(i)=(1-idi(i)) *rb (i)
ar2 (i)=idi (i) * ((l+cos (btt))/2);
ar3(i)=re(jl)*((l-cos(btt))/2);
rcf(i)=arl (i) +ar2(i)+ar3(i);
it (i)=rcf(i)*ii(i)*41870/3600;

0 000000000000000000000000000000O0

k2=24*k1;
if (i==k2),t=-1;end
t=t+1

ihd=ihd+ii (1) ;
itd=itd+it (i) ;
tem=tem+to (1) ;

ml=i/24;

m2=24*ml;

if (i~=m2), continue; end
ihdav (1)=1hd/24*41870/3600;
itdav (l)=1itd/24;
ihm=ihm+ihd;

itm=itm+itd;

ihd=0;

itd=0;
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km=1g (j1) *24;
kl=ido (j1)*24;
if (i~=km), continue; end
ihmav (j1)=ihm/k1*41870/3600;
itmav (jl)=1itm/k1;
tam(jl)=tem/k1;
ihy=ihy+ihm;
ity=ity+itm;
tsum=tsumt+tam(jl) ;
tdif=20-tam(3j1);
J1=71+1;
ihm=0;
itm=0;
tem=0;
end
ihory=ihy*41870/ (8760*3600) ;
itily=ity/8760;

for i = 1:12
day = day + ido(i);
ihr (i)= day * 24;
end
k=1;
fa zeros (1,8760) ;
cl zeros (1,8760) ;
h = zeros(1,8760);
tl= zeros(1l,8760);
omega3=zeros (1,8760) ;
ghru=zeros (1,8760) ;
hh=zeros (1,8760) ;
ma=zeros (1,8760) ;
uah=zeros (1,8760) ;
gama=zeros (1,8760) ;
sbt2=zeros (1,8760)
t3=zeros (1,8760);
for i = 1: 8760
ma (1) =(gcond) / (cpa* (t2-to(i)));
omegal3 (i)=(mw/ma (i) )+ omega2 (i) ;
uah (i)=ma (i) *cpa;

4

gama (i) = 4 * pi *r* con / (nodryer * uah(i));

sbt2 (i)=(nodryer * uah(i)) / (4 * pi * r * con *
288) ;

h(i) = crp(k) * sbt2(i)*(t2 - to(i));

hh(i)=uah (i) *(t2 - to(i)):

fa(i) = ((to(i) + 273) /288)-1;

cl(i) = (u * fc)+fi-fa(i);

if (h(i) <= 0)

h(i) =0;

end

if (i == ihr(k)), k=k+1l; end
end
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fw= zeros(10,8760);
tdg= zeros (10,8760);
del=zeros (365);

fw(l,1) = 0;
tdg(l,1) = 15; k=1;
cop=zeros (1,10);

1
copl=zeros(1,10);
cop2=zeros (1,10);
smer=zeros (1,10);
gls = zeros(1,8760);
e =zeros (1,8760);
winhr=zeros (1, 8760);
xsol=zeros (1,8760) ;
smerhr=zeros (1,8760) ;

for m=1:10
fw(m,1l) = fw(l,1);
tdg(m,1) = ((fw(m,1) + 1) * 288) - 273;
wo(l) = (fi - fa(l)) * (cl(l) - (u*fw(m,1)))

(cl(l) +u) * gama(l)):;
if (u*fw(m,1l) >= cl(1l)), wo(l) =0; end
if ( it (1) <= 0)

e(1l)=0;
else
gls = (tdg(m,1) - to(l)) / it (1);
if(gls >= 0.72)
e(l) = 0;
else
e(l) = 0.72 - 6.4 * gls;
if(e(l) <= 0 )
e(l) = 0;
elseif (e(l) > 0.72 )
e(l) = 0.72;
end
end
end
s(l) = sbtl * e(l) * it(1l);
an(l) = s(1) - h(l) + wo(l);
winhr (1)=wo (1) *gama (1) *uah (1) *288;
xsol(l)z(s( ) /sbtl);
w(m,2)=(gn (1) + ((pl+rt) *fw(m,1)))/ (1+pl+rt);
tdg( ,2)=((fw(m,2)+1)*288)-273;
wo(2) = (fi - fa(2)) * (cl(2) - (u*fw(m,1)))

(cl(2) 4+u) * gama(2)):;
if (u*fw(m,2)>=cl(2)),wo(2)=0;end
1if (it (2)<=0)

e(2)=0;
else gls = (tdg(m,1) - to(2)) / 1it(2);
if(gls >= 0.72)
e(2) = 0;
else
e(2) = 0.72 - 6.4 * gls;
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if(e(2) <= 0 )
e(2) = 0;
elseif (e(2) > 0.72)
e(2) = 0.72;
end
end
end
s(2) = sbtl * e(2) * it (2);
an(2) = s(2) - h(2) + wo(2);
winhr (2)=wo (2) *gama (2) *uah (2) *288;
xs0l (2)=(s(2) /sbtl);
for i=3:8760
s1=0;

for n=1:1-2;
sl=sl+(fw(m,n+l)-fw(m,n))/ (sgrt (pi*dt* (i-

n)));

end

wo(i) = (fi - fa(i)) * (cl(i) - (u*fw(m,i-1))) /
(ce* (cl(i) +u) * gama(i));

if (u*fw((m,2)>=cl(2)),wo(2)=0;end

if (it (1) <=0)

e(1)=0;
else
qls (i) = (tdg(m,i-1) - to(i)) / it(i);
if(gls (i) > 0.72)
e(i) = 0;
else e(i) = 0.72 - (6.4 * gls(i));
if(e(i) <= 0 )
e(i) = 0;
elseif (e(i) > 0.72)
e(i) = 0.72;
end
end
end
s(i) = sbtl * e(di) * it (i)
gn (i) = s(i) - h(i) + wo(i);
fw(m,1)=(gn(i)+ ((pl+rt) *fw(m,i-1))-sl)/ (1+pl+rt);

tdg(m,i)=((fw(m,1)+1)*288)-273;
gsy=qgsy+s (i) *dt;
gsol=gsol+ (s (i) /sbtl);
xsol (1)=(s (1) /sbtl);
wy=wy+wo (i) *dt;
winput=winput+ (wo (1) *gama (1) *uah (1) *288) + (wo (2) *gama (2) *u
ah (2) *288) + (wo (i) *gama (i) *uah (i) *288) ;
wi=wf+wfan (i) ;
winhr (i)=wo (i) *gama (i) *uah (i) *288;
gly=gly+h (i) *dt;
qy=qy+qn (1) *dt;
ghh=ghh+hh (1) ;

smerhr (1) =mevap/ ( (xsol (1) /1000)+ ((winhr (i) /1000)*1.1));
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smer

end

if (i~=ihr(k)), continue; end

efc=efc/ (ido (k) *24) ;

tay(m, k) =tdg(m, 1) ;

k=k+1;

if (i==8760),fw(l,1)=fw(m,8760); end
end

if (m~=1)

gst=p* (fw(m,8760)-fw(m, 1)) ;
else

gst=p* (fw(m, 8760) -0) ;
end

cop (m) =gly/wy;
workinp=ghh/cop (m) ;

cops (m) =ghh/ (workinp+wf) ;
wr=wf/workinp;
gtt=gsy+ (wy* (1+wr)) ;
rl(m)=gsy*100/gtt;

r2 (m)=wy*100/gtt;

r3(m)=gst*100/gtt;

r4 (m)=qly*100/gtt;

r5(m)=(qy-gst) *100/gtt;

r6 (m)=(wy*wr) *100/qtt;
(m) = (mevap*8760) / ( ( (workinp/1000)+ (wf/1000))) ;
k=1;
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Appendix B. 2 MATLAB program for Case 2

clc

clear

close all

load ('IITO', "1ii', 'to");

load('omega2', 'omegal') ;
load ('wfhru', "wthru') ;
load('tl', 't1l");
load('"t3','t3");

rhow = 1000;
cpw = 4.187;
tinf = 288;

£t2=60;

te=(16.55+t2)/2;

fi =((273+t2) - 288) / 288;
fc=((273+tc) - 288) / 288;
ac =100;

ce=0.4;

nodryer = 1;

r = 4.1528;
v = 4/3 * pi * r"3;
rhos = 2500;

W5=100;

Wo6=W5- ( (W5* (mc5-mc6) )/ (100-mco6)) ;
mw5=W5*mc5/100;

mw6=W6*mc6/100;

mevap=mwS-mwb;

mp=W5-mevap;

mpw=mp/3600;

mcp= (W5-W6) /W6 ;
cpwt=1398.3+(4090.2* (mcp/ (1+mcp) ) ) ;
mw=mevap/3600;

hfg=2412;

gevap=mw*hfg*1000;
gdp=mpw* (cpwt) * (t6-t5) ;

153



g23=qgdptgevap;

u=1.7;

fr=0.9;

taln=0.8;

tgalf=taln;

ul=8;

p= rhow * cpw / (3 * rhos *cps);

dt = 3600 * alpha / r"2;

pl=p/dt;

rt=1/(sqrt (pi*dt));

sbtl=(nodryer * ac) / (4 * pi * r * con * 288);

crp (1111 11111111];

ido = [31 31 30 31 30 31 31 28 31 30 31 301;

ef=[0.56 0.55 0.49 0.39 0.32 0.27 0.29 0.35 0.40 0.47 0.5

0.557;

re={0.1 0.1 0.1 0.1 0.1 0.1 0.3 0.7 0.5 0.3 0.1 0.171;

day=0;

ihr = zeros(1l,12);

tay=zeros (10,8760) ;

lg=zeros(1,12);

del=zeros (1, 365);

n=zeros(1l,12);

n(l)=ido (1) ;

lg(1)=ido(1);

for i=2:12
lg(i)=n(i-1)+ido (i) ;
n(i)=1lg(i);

end

crl=2*pi/365;

cr2=pi/180;

pir = zeros(1l,365);

delta=zeros (1, 365);

for i=1:365
pir(i)=crl* (284+1i);
delta(i)=23.45*sin (pir(i));
del (i)=cr2*delta (i) ;

end

bt=37.1;

fai=37;

fii=fai*pi/180;

btt=bt*pi/180;

jl=1;

dec=2;

ihd=0;

itd=0;

ihm=0;

itm=0;

ihy=0;

ity=0;

n=182;

t=0;
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tem=0;
tsum=0;
gs=1353;
nn=n-182;
for i=1:8760
if (n==365),n=0; end

n=n+1;

if (nn==365),nn=0; end
nn=nn+1;

1=floor (((i-1)/24)+1);

wl(i)=15*(t 12 *pi/180;
w2 (1)=15*(t-11)*pi/180;
w(i)=(wl(i)+w2(1))/2;
rin(nn)=2*pi*n/365;

rg(nn)=(43200.*(gs./pi)) .*(1+(0.033.*cos(rin(nn)))) .* (cos
(fii) .*cos(del(n)) .*(sin(w2 (i) )-sin(wl (1i)))+ ((w2 (i) -
wl(i)).*sin(fii).*sin(del(n)))); %ig represent I 0 in the
equations

iio(i)=abs(rg(nn));

kt(i)=1i(1i)/1iio(1)*41870;
if (kt(i)<=0.35)
idi(1)=1-0.249*kt (1) ;
elseif (kt(1i)<=0.75)
1di(1)=1.557-1.84*kt (1) ;
else
1idi(1)=0.177;
end
rbc(i)=((cos (fii-
btt) *cos (del (n)) *cos(wl(i)))+(sin(fii-
btt)*sin(del(n))))/ ((cos(fii)*cos(del (n)) *cos (wl (i
n(fii)*sin(del(n)))):;
bs (i) abs(rbc( ));
f(bs(i)>=2)
rb (i ) 0.4;
else
rb(i)=bs (i) ;
end
arl(i)=(1-idi(i)) *rb (i)
ar2 (1)=1di (i) * ((l+cos(btt))/2);
ar3(i)=re(jl)*((l-cos(btt))/2);
rcf(i)=arl (i)+ar2(i)+ar3(i);
it(i)=rcf(1)*i1(1)*41870/3600;
tetaz=acos (sin(fii) *sin(del (n))+cos(fii) *cos (del (n
w(i)));
tg=abs (rb (i) *cos (tetaz));
if (tg>1)
tal (i)=taln;
else
teta=acos (tqg);
end
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if (dec==1)

bo=-0.10;
else

bo=-0.17;
end

amod=1+bo* (1/cos (teta)-1);
if (amod<=0.2)
amod=0.9-0.01*teta*180/pi;

end
if (amod>=1l), tal(i)=taln;
else
tal (i)=taln*amod;
end

kl=floor (i/24);
k2=24*k1;
if (i==k2),t=-1;end
t=t+1;
ihd=ihd+ii (1) ;
itd=itd+it (i) ;
tem=tem+to (i) ;
ml=i/24;
m2=24*ml;
if (i~=m2), continue; end
ihdav (1)=ihd/24*41870/3600;
itdav (l)=itd/24;
ihm=ihm+ihd;
itm=itm+itd;
ihd=0;
itd=0;
km=1g (j1) *24;
kl=ido (j1) *24;
if (i~=km), continue; end
ihmav (j1)=ihm/k1*41870/3600;
itmav (j1)=itm/k1;
tam(j1)=tem/kl1;
ihy=ihy+ihm;
ity=ity+itm;
tsum=tsumt+tam(jl) ;
tdif=20-tam(j1);
J1=71+1;
ihm=0;
itm=0;
tem=0;
end
ihory=ihy*41870/ (8760*3600) ;
itily=ity/8760;

for i = 1:12
day = day + ido(i);
ihr(i)= day * 24;
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end

k=1;
fa = zeros(1,8760);
cl = zeros(1l,8760);

h = zeros(1,8760);
tll= zeros(1,8760);
omega3=zeros (1,8760) ;
ghru=zeros (1,8760) ;
hh=zeros (1,8760) ;
ma=zeros (1,8760) ;
uah=zeros (1,8760) ;
gama=zeros (1,8760) ;
sbt2=zeros (1,8760) ;
sbt3=zeros (1,8760)
gh=zeros (1,8760) ;
grec=zeros (1,8760);
grecov=zeros(1l,1);

4

/ (cpa* (t2-to(i)));

ma (1)=g23/ ((0.7*cpa* (t3(i)-to(i)))+ (cpa* (t2-

grec(i)=0.7*ma (i) *cpa* (t3(1i)-to(i));

for i = 1:8760
if (tl(i)>=t3 (1))
tll(i)=to(1);
grec (1) =0;
gh(i)=923;
ma (i) =923
else
tl1ll(1i)=tl(1);
t11(1)))) s
gh (1) =g23- grec(1i);
end

grecov=grecov+grec (i) ;

omegal3 (i) =(mw/ma (i) ) tomega2 (i) ;

uah (i)=ma (i) *cpa;

gama (1) =

sbt2 (i)=(nodryer
288) ;

sbt3 (i)=(nodryer)

hh

fa(i) ((t1l1 (1)

cl (i)

if (h(i) <= 0)
h(i) =0;

end

if (1 == ihr(k)),

end

4 * pi *r* con /

* uah (1))

(nodryer * uah(i));
/ (4 * pi * r * con *

/ (4 * pi * r * con * 288);
h(i)=crp(k)*sbt3(i)*gh (i) ;

(i)=uah (i) *(t2 - t1l1l(i));
/288)-1;
= (u * fe)+fi-fa(i);

+ 273)

k=k+1;
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= (grecov/ (g23*8760)) *100;

fw= zeros(10,8760);
tdg= zeros (10,8760);
del=zeros (365);

fw(l,1) = 0;
tdg(1l,1) = 15;
k=1;

cop=zeros (1,10);
copl=zeros(1,10);
cop2=zeros (1,10);
cop3=zeros (1,10);
smer=zeros (1,10);
) ;
10

14

4

ghpp=zeros (1,10
grecu=zeros (1
rl=zeros(l,10)
r2=zeros (1,10);
r3=zeros (1,10);
rd=zeros (1,10)
( )
( )

)

r5=zeros (1,10
ro=zeros (1,10
r7=zeros (1,10);
ght=zeros (1,10);

gls = zeros(1l,8760);
e =zeros (1,8760);
winhr=zeros (1, 8760);
xsol=zeros (1l,8760);
smerhr=zeros (1,8760) ;

.
14

.
14

for m=1:10
fw(m,1) = fw(1,1);
tdg(m,1) = ((fw(m,1) + 1) * 288) - 273;
wo(l) = (fi - fa(l)) * (cl(1l) - (u*fw(m,1)))

(cl(l) 4u) * gama(l)):;
if (u*fw(m,1l) >= cl(l)), wo(l) =0; end
if ( it (1) <= 0)

e(1)=0;
else
gls = (tdg(m,1) - t11(1l)) / it(1);
if(gls >= 0.72)
e(l) = 0;
else
e(l) = 0.72 - 6.4 * gls;
if(e(l) <= 0 )
e(l) = 0;
elseif (e(1) > 0.72 )
e(l) = 0.72;
end
end
end
s(l) = sbtl * e(1) * it (1l);

158

/

(cex*



agn(l) = s(1) - h(l) + wo(l);

winhr (1)=wo (1) *gama (1) *uah (1) *288;

xsol (1)=(s (1) /sbtl):;

ghpc (1l)=ma (1) *cpa* (t2-t11 (1)) ;

fw(m,2)=(gn (1) + ((pl+rt) *fw(m,1)))/ (1+pl+rt);
tdg(m,2)=((fw(m,2)+1)*288)-273;

wo(2) = (fi - fa(2)) * (cl(2) - (u*fw(m,1))) / (ce*

(cl(2) 4u) * gama(2));
if (u*fw(m,2)>=cl(2)),wo(2)=0;end
1f (it (2)<=0)

e (2)=0;
else gls = (tdg(m,1) - t11(2)) / it(2);
if(gls >= 0.72)
e(2) = 0;
else
e(2) = 0.72 - 6.4 * gls;
if(e(2) <= 0 )
e(2) = 0;
elseif (e(2) > 0.72)
e(2) = 0.72;
end
end
end
s(2) = sbtl * e(2) * it (2);
agn(2) = s(2) - h(2) + wo(2);
winhr (2)=wo (2) *gama (2) *uah (2) *288;
xsol (2)=(s(2) /sbtl) ;
thc(2)=ma(2)*cpa*(tZ—tll(Z));
for i=3:8760
s1=0;

for n=1:1-2;
sl=sl+(fw(m,n+l)-fw(m,n))/ (sgrt (pi*dt* (i-
n)));
end
wo (i) = (fi - fa(i)) * (cl(i) - (u*fw(m,i-1)))
(ce* (cl(i) +u) * gama(i));
if (u*fw((m,2)>=cl(2)),wo(2)=0;end
if (it (1) <=0)
e(i)=0;
else
gls(i) = (tdg(m,i-1) - tll(i)) / it(i);
if(gls(i) > 0.72)
)

= 0.72 - (6.4 * gls(i));
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s(i) = sbtl * e(i) * it (i);
gqn(i) = s(i) - h(i) + wo(i);
fw(m,1)=(gqn(i)+ ((pl+rt) *fw(m,i-1))-sl)/ (1+pl+rt);
tdg(m,i)=((fw(m,i)+1)*288)-273;
gsy=qsy+s (i) *dt;
gsol=gsol+ (s (i) /sbtl);
ghpc (i)=ma (i) *cpa* (t2-tl1ll(i))
xsol (1)=(s (1) /sbtl);
Wwy=wy+wo (i) *dt;
winput=winput+ (wo (1) *gama (1) *uah (1) *288) + (wo (2) *gama (2) *u
ah (2)*288)+ (wo (i) *gama (i) *uah (i) *288) ;
ght=ght+ghpc (i) +(ma (1) *cpa* (t2-
£t11(1)))+(ma(2)*cpa* (t2-tl1l1(2)));
wf=wf+wfhru (i) ;
winhr (i)=wo (i) *gama (i) *uah (i) *288;
gly=gly+h (i) *dt;
qy=qy+an (i) *dt;
ghh=ghh+hh (1) ;
ghrut=ghrut+grec (i) ;
smerhr (1) =mevap/ ( (xsol (1) /1000)+ ((winhr (i) /1000)*1.1));
if (i~=ihr(k)), continue; end
efc=efc/ (ido (k) *24) ;
tay(m, k)=tdg (m, i) ;

k=k+1;
if (1i==8760),fw(l,1)=fw(m,8760); end
end
if (m~=1)
gst=p* (fw(m, 8760) -fw(m, 1)) ;
else
gst=p* (fw(m, 8760) -0) ;
end

cop (m) =qly/wy;
workinp=ghh/cop (m) ;

ghpp (m) =ghh/ (q23*8760) ;
grecu (m) =ghrut/ (q23*8760) ;
cop?2 (m) =ghh/ (workinp+wf) ;
wr=wf/workinp;
gt=gsy+ (wy* (1+wr));

rll (m)=gsy*100/qgt;

r44 (m)=gst*100/qgt;
r66 (m)=(gly*100* (1-(es/100))) /qgt;
r77 (m)=(gqly*100* (es/100)) /qgt;

(m)
(m)
(m) =g
r55 (m)=(gqy-gst) *100/qgt;
(m) =(
(m) =(
(m) =(

mevap*8760) / ( ( (workinp/1000)+ (wf/1000))) ;
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Appendix B. 3 MATLAB program for Case 3

clc

clear
close all
r=3;
ac=45;
nodl=1;
ri=0.01;
tia=55;
ti=15;
tinf=15;
t2=tia;
th=37.1;
td=-9;
hrad=({22.1 21.1 16.8 11.7 7.9 5.7 6.2 9.2 12.6 17.7 18.3
22.6];

tair=[27.1 26.9 22.2 15.3 9.4 4.5 2.6 3.8 7.2 12.7 18.2
23.71;
te=(td+t2)/2;
fb=tb;

ta=tair;
ihm=hrad;
ref=[0.2 0.2 0.2
sbt=[1 11 1 1

0.2 0.3 0.7 0.5 0.3 0.2 0.271;
1 1 ;
imo=[31 31 30 31

1 28 31 30 31 301];

%%%% Black paint-1 glass %%%
ul=7.4;

taln=0.89;

b0=0.078;

3%%%%%1limstone

ro = 2500;

cp = 0.9;

con = 1.3;

alfa = 5.75e-7;

nabd=[198 228 258 288 318 334 17 47 75 105 135 162];
ww=0;

fib=fb*pi/180;

btb=tb*pi/180;
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for i=1:12
dlta(i)=23.45*sin (2*pi/365* (284+nabd(i))) *pi/180;

ws (i)=acos(-1l*tan(fib) *tan (dlta(i))) ;
hg=(24*3600*1353/pi)* (1+0.033*cos (2*pi*nabd (i) /365))* ((co
s (fib) *cos (dlta (i) ) *sin(ws (1)) )+ (ws (1) *sin (fib) *sin (dlta(
1))))s

ho (i)=abs (hg) /10" 6
ktm(i)=ihm (i) /ho (i
hdh (i) = O.775+(O OO653*(ws(i)*180/pi—
90)) (0.505+0.00455* (ws (1) *180/p1-90) ) *cos ((115*ktm (i)
103) *pi/180) ;
wspl (i)=acos(-1*tan (fib) *tan (dlta(i)));
wsp2 (i)=acos (-1*tan (fib-btb) *tan (dlta(i)));
if (wspl (i)>=wsp2(i))
wsp (1) =wsp2 (1) ;
else
wsp (1) =wspl (i) ;
end
ra=(cos (fib-
btb) *cos (dlta(i)) *sin(wsp (i) ) +twsp (i) *sin (fib-

btb) *sin (dlta(i)))/ (cos (fib) *cos (dlta (i) ) *sin(ws (1)) +ws (1
) *sin (fib) *sin (dlta(i))) ;

rba (i) =abs (ra) ;

rr(i)=((1-
hdh (1)) *rba (i) )+ (hdh (i) * ((1+cos (btb))/2) )+ (ref (1) * ((1-
cos(btb) /2))

)
t(i)=rr(i)*ihm(i);
1(1)= O 409+0.5016*sin (ws (i) - (pi/3));
1(1)=0.6609-0.4767*sin(ws(i)-(pi/3));
) =p
S

rd( 1/24* (cos (ww) —cos (ws (1)) )/ (sin(ws (1)) -
ws (1) *cos (ws (i)));
rt(i)=pi/24* (al (i) +bl (i) *cos (ww)) * (cos (ww) —

cos(ws(1i)))/ (sin(ws (1)) -ws (i) *cos (ws (1)));
hh(i)=1.188-2.272*ktm (1) +(9.473*ktm (1) "2) -
(21.865*ktm (i) "3) + (14 648*ktm (i) ~4) ;
if (ktm(i)>=0.8),hh(i)=0.2;end
if (ktm(i)<=0.17), hh(i)=0.99;end

rbb (i) =abs ((cos (fib-btb) *cos (dlta (i) ) +sin (fib-
btb) *sin(dlta(i)))/ (cos (fib) *cos(dlta(i))+sin(fib) *sin (dl
ta(i))));
rn(i)=(1-
rd (i) *hh (i) /rt (1)) *rbb(i)+(rd (i) /rt (1) *hh (i) * (1+cos (btb))
/2)+ (ref (i) * (1l-cos(btb)))/2;
aa(i)=2.943-(9.271*ktm (i

)+ (4.031* (ktm (4

)i

) )+ ( 1)72));
bb(i)=-4.345+(8.853*ktm (1)) -(3.602* (ktm(i)"2));
cc(i)=-0.170-(0.306*ktm (1)) +(2.936* (ktm (1) "2));

end
md=0.01;
w=0.088;
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dlt=0.0005;

ds=0.01;

cpc=3300;

hc=300;

fib=fb*pi/180;

btb=tb*pi/180;
tr=89.8-(0.5788*tb)+(0.002693* (tb"2)) ;
tetr=tr*pi/180;

talr=taln* (1+b0* (1-(1/cos (tetr)))):;
tetd=pi/3;
tald=taln* (1+b0* (1-(1/cos (tetd))));
for i=1:12

tbl=acos (cos (fib-
btb) *cos (dlta(i)) *cos (5*pi/24)+sin (fib-
btb) *sin(dlta(i)));
talb(i)=taln* (1+b0* (1-1/cos (tbl))):
tall=(1-
hh(i)) *rba (i) *talb (i) +hh (i) *tald* (1+cos (btb)) /2+ref (i) *ta
lr* (1l-cos (btb))/2;

tal2=(1-hh (1)) *rba(i)+hh (i) * (1+cos (btb)) /2+ref (1) * (1-
cos (btb)) /2;
talf(i)=tall/tal2;

end
mdc=md*ac;
gm=sqgrt (ul/
fl=tanh (gm*
fp=1/ (ul*w*
fr=mdc*cpc/
cpa=1006;
t5=25;
t6=50;
mcb5=25;
mc6=10;
W5=30;
Wo6=W5- ( (W5* (mc5-mc6) )/ (100-mco6)) ;
mw5=W5*mc5/100;

mw6=W6*mc6/100;

mevap=mwb-mwb;

mp=W5b-mevap;

mpw=mp/3600;

mcp= (W5-W6) /W6 ;
cpwt=1398.3+(4090.2* (mcp/ (1+mcp))) ;
mw=mevap/3600;

hfg=2412;

gevap=mw*hfg*1000;
gdp=mpw* (cpwt) * (t6-t5) ;
gcond=gdp+gevap;

u=1l.7;

fi2=tia/tinf-1;

pk*dlt));

w-ds) /2)/ (gm* (w-ds) /2) ;

1/ (ul* (ds+ (w-ds)*fl))+1/cb+1/ (pi*ds*hc)));
ac*ul) * (1-exp (-1l*ac*ul*fp/ (mdc*cpc))) ;

Py
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fe=tc/tinf-1;
p=1000*4.187/ (3*ro*cp) ;
y=alfa*31536000/r"2;
scons=nodl/ (24*3600*4*pi*r*con*tinf) ;
for i=1:12
ma (1) =qcond/ (cpa* (tia-ta(i)));
ua (i)=ma (i) *cpa;
gama (1) =4*pi*r*con/ (nodl*ua (1)) ;
hcons (i)=nodl*ua(i)/ (4*pi*r*con* (tinf));
end

for i=1:12
h(i)=sbt (i) *hcons (i) * (tia-ta(i));
if(h(i)<=0),h(1)=0;end
tag(i)=(-1/2)+(1i/12);
dtt (1)=alfa*3600*24*imo (1) /(r"2);
tin(i)=ti;
told(i)=ti;

end

for j=1:13
rj(3)=(3-7)/12;

end

for m=1:1000

for i=1:12
fw(i)=tin(i)/tinf-1;
fa=ta (i )/tlnf 1;
cl=(tinf* (fw(i)+1)+100)/70;
th=tinf* (u* (fc+1l)+£fi2-fa);
c2=tinf* ((u*fc)+fiz2-fa-(u*fw(i)));

c3=((35*u) - (tinf* (u* (fc+l)+£fi2-fa)))/ (40*u

f(c2<=0),wo(1)=0;

) ;

else
wo (1) =sbt (i) * (fi2-fa)/ (cl*log((th+273)/c2)+c3);
end
wo (1)=wo (i) /gama (i) ;
end
q0=0;
for i=1:12

itc(i)=ul*(tin(i)-ta(i))/talf (i) ;
if (itc(i)<=0),itc(i)=0;end

xcb(i)=itc (i) /(rt(i)*rn(i)*ho(i)*ktm(i))*0.0036;

fbar (i)=exp((aa(i)+bb (i) *rn(i) /rr(i)) * (xcb (i) +cc (i

)"2))
qum (i)=ac*fr*talf (i) *ht (i) *fbar(i)*10"6;
ef (1 )= m(i)*100/ (ac*ht (i) *10"6);
htt (1i)=ht (1) *1076/(24*3600) ;
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s (i)=scons*qum (i) ;
an (i) =s (i) -h (i) +wo (1) ;
q0=q0+gn (1) ;

end

a0=qg0/12;

for i=1:12
sumg=0;
for n=1:40
etal=l+sqrt (n*pi/y);
eta2=sqgrt (n*pi/y)+p*2*pi*n/y;
acns=1/(pi*n* (etal”2+eta2”2));
suma=0;
sumb=0;
for j=1:12
eta3=sin (2*pi*n*rj (J+1)) -
sin(2*pi*n*rj(Jj));
etad=cos (2*pi*n*rj (j+1)) -
cos (2*pi*n*rj(j));
suma=suma+qgn (j) * (etal*eta3+etaz2*etad) ;
sumb=sumb+qgn (j) * (eta2*eta3-etal*etad);
end

sumg=sumg+acns* (suma*cos (2*pi*n*tag (i) ) +sumb*sin (2*pi*n*t
ag(i)));
end
tnew (1)=(fw(i)+1)*tinf;
end
flag = 0;
for i=1:12
frk(i)=abs (tnew(i)-told(i));
if (frk(i)>0.01)
for j=1:12
tin(J)=tin(j)+ri* (tnew(j)-tin(j))
told(j)=tnew(3);

end
disp ([num2str (m) ' ' num2str(i)]);
flag=1l;
break;
end
end
if (flag==0)
break;
end
end
ay=0;
wy=0;
asy=0;
qly=0;
tmn=0;
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for i=1:12
tmn=tmn+tnew (i) ;
qy=qy+qn (i) *dtt (1)
gsy=gsy+s (1) *dtt (1
qly=gly+h (i) *dtt (i
Wy=wy+wo (i) *dtt (i) ;
end

) ;
) .

14

cop=qly/wy;

workin= (gcond*8760) /cop;

wr=wf/workin;

cops=qly/ (wy+wr) ;

SMER= (mevap*8760) / ( (workin*1.03) /1000) ;
qlt=qy;

f=(gsy-gqlt)*100/gly;

tmn=tmn/12;

rtot=gsy+ (wy* (1+wr)) ;
rll=(gsy/rtot)*100;

r22=(wy/rtot) *100;
r33=(glt/rtot) *100;
rd44=(gly/rtot) *100;
r55=((wy*wr) /rtot) *100;
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Appendix B. 4 MATLAB program for Case 4

clc

clear

close all

r=3;

ac=50;

noh=1;

ri=0.01;

tia=55;

ti=15;

tinf=15;

t2=tia;

tb=37.1;

td=-9;

hrad=[25.3 21.6 17.8 12.2 7.6 6.1 5.4 8.8 13.7 18.1 20.1
25.1];

to=[26.6 28.9 23.6 14.3 11.6 4.5 4.4 0.4 5.9 13.9 20.0
24 .47 ;

t1=[30.5 31.7 29.1 25.0 23.9 21.2 21.2 19.8 21.8 24.8
27.5 29.5];

t3=[32.2 32.9 31.5 29.6 29.2 28.4 28.4 28.1 28.6 29.5
30.6 31.6];
ihm=hrad;

ref=[0.2 0.2 0.2 O
sbt=[1 111111
imo=[31 31 30 31 3
ul=7.4;

taln=0.89;
b0=0.078;

ro = 2500;

cp = 0.9;

con = 1.3;

alfa = 5.75e-7;
nav=[198 228 258 288 318 334 17 47 75 105 135 162];
ww=0;

fib=fb*pi/180;

btb=tb*pi/180;

for i=1:12

alfa = 5.75e-7;

nav=[198 228 258 288 318 334 17 47 75 105 135 162];
ww=0;

fib=fb*pi/180;

btb=tb*pi/180;

0.2 0.2 0.3 0.7 0.5 0.3 0.2 0.2];
1 1117;
1 31 28 31 30 31 301;

.2
1

0 3
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for i=1:12
dlta(i)=23.45*sin (2*pi/365* (284+nav(i))) *pi/180;
ws (i)=acos(-1*tan(fib) *tan (dlta(i))) ;

hg=(24*3600*1353/pi) * (1+0.033*cos (2*pi*nav (i) /365))* ((cos
(fib) *cos (dlta(i)) *sin(ws (1)) )+ (ws (1) *sin (fib) *sin(dlta (i
)) )

ho (i) =abs (hqg) /10"6;

ktm(i)=ihm (i) /ho (i) ;

hdh (1)=0.775+(0.00653* (ws (1) *180/pi-90)) -
(0.505+0.00455* (ws (1) *180/pi-90)) *cos ((115*ktm (i) -
103) *pi/180) ;
wspl (i)=acos(-1*tan (fib) *tan(dlta(i)));
wsp2 (i)=acos (-1*tan (fib-btb) *tan(dlta(i)))
if (wspl (i) >=wsp2(i))
wsp (1) =wsp2 (1) ;
else
wsp (i) =wspl (1) ;
end

ra=(cos (fib-
btb) *cos (dlta(i)) *sin(wsp (i) ) +twsp (i) *sin (fib-
btb) *sin(dlta(i))) ...

/ (cos (fib) *cos (dlta(i)) *sin(ws (1)) +ws (i) *sin(fib) *sin(dlt

a(i)));
rba (i) =abs (ra);
rr(i)=((1-
hdh (1)) *rba (i) )+ (hdh (1) * ((1l+cos (btb))/2))+ (ref (1) * ((1-
cos(btb) /2))
t(i r(i)*ihm(1i);

1(1)=0.6609-0.4767*sin(ws (1i)-(pi/3));

rd( =pi/24* (cos (ww)-cos (ws(i)))/ (sin(ws(i)) -
ws (i) *cos (ws (1)));

rt(1)=pi/24* (al (i) +bl (i) *cos (ww) ) * (cos (ww) —
cos(ws(1)))/ (sin(ws (1)) -ws (i) *cos (ws (1)));

hh(i1i)=1.188-2.272*ktm (i) +(9.473*ktm (i) "2) -

(21.865*ktm (i) " 3) (14.648*ktm (i) ~4) ;

if (ktm(i)>=0.8),hh(i)=0.2;end
if (ktm(i)< =O 17),hh(1i)=0.99;end

)
)=
1(1)= O 409+0.5016*sin (ws (i) - (pi/3));
)=
)

rbb (i) =abs ((cos (fib-btb) *cos (dlta (i) ) +sin(fib-
btb) *sin(dlta(i)))/ (cos (fib) *cos(dlta(i))+sin(fib) *sin (dl
ta(i))));
rn(i)=(1-
rd (i) *hh (i) /rt (1)) *rbb(i)+(rd (1) /rt (i) *hh (i) * (1+cos (btb))
/2)+ (ref (i) * (1l-cos(btb)))/2;
aa(i)=2.943-(9.271*ktm (1

))+(4.031* (ktm (i) *2));
bb(i)=-4.345+(8.853*ktm (1))

-(3.602* (ktm(1)"2));
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cc(1)=-0.170-(0.306*ktm(1))+(2.936* (ktm(1)"2));
end

md=0.01;

pk=45;

w=0.088;
dlt=0.0005;
ds=0.01;
cb=300;
cpc=3300;
hc=300;
fib=fb*pi/180;
btb=tb*pi/180;
tr=89.8-(0.5788*tb)+(0.002693* (tb"2)) ;
tetr=tr*pi/180;

talr=taln* (1+b0* (1-(1/cos (tetr))));
tetd=pi/3;
tald=taln* (1+b0* (1-(1/cos (tetd))));
for i=1:12

tbl=acos (cos (fib-
btb) *cos (dlta(i)) *cos (5*pi/24)+sin (fib-
btb) *sin(dlta(i)));

ttld(i)=taln* (1+b0* (1-1/cos (tbl))):

taall=(1-
hh (1)) *rba (i) *ttld (i) +hh (i) *tald* (1+cos (btb)) /2+ref (1) *ta
lr* (1-cos (btb))/2;

ttbb=(1-hh(i)) *rba (i) +hh (i) * (1+cos (btb)) /2+ref (1) * (1-
cos (btb)) /2;

twdf (i)=taall/ttbb;
end
mmdc=md*ac;
gm=sqgrt (ul/
fl=tanh (gm*
fp=1/(ul*w*
fr=mdc*cpc/

pk*dlt));

w-ds) /2)/ (qm* (w-ds) /2) ;

1/ (ul* (ds+ (w-ds)*fl))+1/cb+1/ (pi*ds*hc)));
ac*ul) * (1-exp (-1l*ac*ul*fp/ (mdc*cpc))) ;

—_—~ o~ o~ o~

cpa=1006;

t5=25;

t6=50;

mch5=22.5 ;

mc6=12.5;

W5=50;

W6=W5- ( (W5* (mc5-mc6) )/ (100-mco6)) ;
mw5=W5*mc5/100;

mwo6=W6*mc6/100;

mevap=mwS-mwbé6;

mp=Wb-mevap;

mpw=mp/3600;

mcp= (W5-W6) /W6;
cpwt=1398.3+(4090.2* (mcp/ (1+mcp) ) ) ;
mw=mevap/3600;
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hfg=2412;
gevap=mw*hfg*1000;
gdp=mpw* (cpwt) * (t6-t5H) ;
gcond=gdp+gevap;

u=1l.7;

fi2=tia/tinf-1;
fc=tc/tinf-1;
p=1000*4.187/ (3*ro*cp) ;
y=alfa*31536000/r"2;
scons=noh/ (24*3600*4*pi*r*con*tinf) ;
grecov=0;

for i=1:12
1f (£l (i)>=t3 (1))
tll(i)=to(i);
grec (i)=0;
gh (i) =gcond;
ma (1) =qgcond/ (cpa* (t2-to(i)));
else

tl1l(i)=tl (i)
ma (i) =qgcond/ ((0.7*cpa* (£3(1i)-to(i)))+ (cpa* (t2-
t11(1))))
grec (i)=0.7*ma (i) *cpa* (t3(i)-to(i));
gh (i) =gcond- qgrec (i)
end

ua (i)=ma (i) *cpa;
gama (i) =4*pi*r*con/ (noh*ua (1)) ;
hcons (i) =noh*ua (i) / (4d*pi*r*con* (tinf)) ;
grec(i)=0.7*ma (i) *cpa* (t3(1i)-to(i));
grecov=grecov+grec (i) ;

end

es=(grecov/ (gqcond*12))*100;

for i=1:12
h(i)=sbt (i) *hcons (i) * (t2-tl1l (1))
if(h(i)<=0),h(i)=0;end
tag(i)=(-1/2)+(1/12);
dtt (1)=alfa*3600*24*imo (1) / (r"2);
tin(i)=ti;
told(i)=ti;

end

for j=1:13
ri(3)=(3-7)/12;

end

for m=1:1000

for i=1:12
fw(i)=tin(i)/tinf-1;
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fa=ta(i)/tinf-1;

cl=(tinf* (fw(1i)+1)+100)/70;
th=tinf* (u* (fc+1l)+£fi2-fa):;

c2=tinf* ((u*fc)+fiz2-fa-(u*fw(i)));
c3=((35*u) - (tinf* (u* (fc+l)+£fi2-fa)))/ (40*u) ;

i1if (c2<=0),wo (i) =0;

else

wo (1)=sbt (i) *(fi2-fa)/ (cl*log((th+273) /c2)+c3);
end

wo (1)=wo (1) /gama (i) ;
end

q0=0;
for i=1:12
ccaa (i)=ul* (tin(i)-ta(i))/twdf (i) ;
if (ccaa(i)<=0),ccaa(i)=0;end
xcb (1)=ccaa (i) /(rt(i)*rn (i) *ho (i) *ktm (1)) *0.0036;

fbar (1) =exp((aa(i)+bb (i) *rn (i) /rr(i)) * (xcb (i) +cc (i) *xcb (1
)~2))

gac (i)=ac*fr*twdf (i) *ht (i) *fbar (i) *10"6;
ef (i1)=gac (i) *100/ (ac*ht (i) *10"6) ;
htt (1)=ht (1) *1076/(24*3600) ;

s (i)=scons*gac (i) ;
gn(i)=s(i)-h(i)+wo (1)
q0=g0+an (1) ;

end

a0=q0/12;

for i=1:12
sumg=0;
for n=1:40
eell=1+sqrt (n*pi/y);
ee22=sqgrt (n*pi/y)+p*2*pi*n/y;
acns=1/(pi*n* (eell”2+ee22"2));
suma=0;
sumb=0;
for j=1:12
etal3=sin (2*pi*n*rj (7+1)) -
sin(2*pi*n*rj(J));
etad=cos (2*pi*n*rj (J+1)) -
cos (2*pi*n*rj (J));
suma=suma+gn (j) * (eell*eta3+ee22*etald) ;
sumb=sumb+qgn (j) * (ee22*eta3-eell*etald)
end

sumg=sumg+acns* (suma*cos (2*pi*n*tag(i)) +sumb*sin (2*pi*n*t
ag(i)));
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end
fw(i)=a0+sumg;
tnew (1)=(fw(i)+1) *tinf;

end
flag = 0;
for i=1:12

frk(i)=abs(tnew(i)-told (1)) :;
if (frk(i)>0.01)
for j=1:12
tin(j)=tin(j)+ri* (tnew(j)-tin(J));
told(j)=tnew (J);

end
disp ([num2str (m) ' ' num2str(i)]);
flag=1;
break;
end
end
if (flag==0)
break;
end
end
ay=0;
wy=0;
gsy=0;
qly=0;
tmn=0;
for i=1:12

tmn=tmn+tnew (1) ;

gy=gy+gn (i) *dtt (i) ;

gsy=gsy+s (i) *dtt (1) ;

gly=gly+h (i) *dtt (i)

wy=wy+two (i) *dtt (i
end

~

'_J

4

— b

4

cop=qly/wy;

workin= (gcond*8760) /cop;
wf=0.05*workin;
wr=wf/workin;

SMER= (mevap*8760) / ( (workin*1.05) /1000) ;
qlt=qy;
f=(gsy-gqlt)*100/gly;
tmn=tmn/12;
rtot=gsy+ (wy* (1+wr)) ;
rl=gsy/rtot;

r2=wy/rtot;

r3=gqlt/rtot;

rd=gqly/rtot;

r5=(wy*wr) /rtot;
ré6=(qly*(1-(es/100))) /rtot;
r7=(gly*100* (es/100)) /rtot;
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