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OPTIMUM DESIGN OF HELIX GROUND HEAT EXCHANGERS FOR
HEAT PUMP APPLICATIONS

SUMMARY

Efficient use of energy allows decreasing energy consumption as well as less
environmental pollution and leads to sustainable development. For an efficient way
of heating and cooling of spaces, ground can be used as an energy storage medium
for heat exchange processes of heat pump systems to reach higher efficiency. These
types of systems are called ground source heat pump (GSHP) systems, which are
well established in Western and European countries for space heating and cooling
applications.The installation cost and performance of GSHP systems can be greatly
affected by optimal design of ground heat exchangers (GHES).

One of the most important GHEs that is used these days is helix GHEs. These GHEs
are cheaper than others and also have some advantages. Three parameters affecting
the helix GHE’s performance are GHEs spacing, GHE major diameter and helical
configuration of the pipe. In large scale GSHP applications, more than one GHE is
needed, therefore determining the distance between GHEs becomes as an important
issue. In this thesis, the effects of distance between vertical helix GHEs on the heat
transfer ratio (HTR) are studied. Performance of GHE is determined and optimal
distance is examined. Furthermore, the influence of the pitch between the turns of the
helix on HTR and GHE major radius are numerically studied in COMSOL
environment. The available experimental data are used to validate the numerical
results. It is seen that they are in a good agreement. Computational model in this
study may provide useful guidance for designing the helical shaped GHE for GSHP
systems.

The heat transfer from/to the pipe wall of the heat exchanger to/from the ground
depends on the turns number, location, material and configuration of the pipes. In
this study, computer modeling of 1, 2, 3 and 5 helix GHEs are described. For
modeling the heat transfer of a GHE, the ground soil/rock is usually approximated as
an infinite homogeneous medium and heat transfer is assumed mainly to take place
by conduction. The wall temperature of GHE is assumed as constant and average
value of inlet and outlet water temperature. Performance losses due to thermal
interactions for different GHE spacings are determined for different number of helix
GHEs. Distances between GHEs vary from 1 m to 11 m. Also different
characteristics of soil in the ground and its temperature play an important role in
GHE performance. The temperature of the ground around GHE is a function of the
soil thermal properties like thermal diffusivity (a), thermal conductivity (k) and the
heat capacity (C,) as well as temperature of fluid, time, position. The soil thermal
diffusivity is a defined property and is the ratio of the thermal conductivity and the
volumetric heat capacity. Therefore, three soil properties (k, o and Cp) should be
known or estimated to predict the thermal behavior of GHEs. Obtaining accurate
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values of the thermal properties of the soil requires a detailed site survey. Soil
composition varies widely not only with locations but also from wet clay to sandy
soil.

In order to better understand the behavior of the system, the performance of the GHE
is experimentally analyzed for 5 day non-stop operation. Evolution of inlet and outlet
temperatures for vertical helix circuits are measured. It is seen that inlet temperature
is almost constant as 40 °C. The outlet temperature reaches the maximum value of
39.2 °C. It is also observed that the outlet temperature gets higher values for longer
operation times, due to increament of soil temperature. Based on the observation of
temperature change, we consider that the temperature of the pipe’s wall is almost
constant and is equal to the average value of inlet and outlet temperature amounts.

Furthermore, a single helix GHE 3D model is made using COMSOL multi-physics
program based on the geometrical parameter and thermal properties of solid domains
(ground, grout, and polyethylene inlet and outlet pipes). The model conditions is the
same as the experimental conditions The accuracy of the model is proved by
experimental data. After validating single helix GHE with experimental results, the
same model is extended for 2, 3 and 5 GHEs in order to determine their HTR values
and performance losses due to their thermal interactions.

Based on the single GHE results, the same study is repeated for 2, 3 and 5 GHEs.
The amount of HTR in critical GHE is determined computationally and performance
losses are calculated. Critical GHE is defined as central GHE in all part of this thesis.
As a result of the study, when the number of GHEs is increased in a finite size
domain, increament of the system performance becomes smaller for addition of each
GHE. It is found that when the distance between GHEs is d=3m, performance losses
of critical GHE (cGHE) for the cases of 2, 3 and 5 GHEs are around 6%, 14% and
22% respectively. Similarly when the distance is 10 m, performance loss is 1%, 2%
and 4% for 2, 3 and 5 number of GHEs.

Furthermore, the effects of pitch distance (L,) and major radius (D) on performance
of GHE are investigated. The results of the simulations prove that L, and D
important parameters for the design of a GSHP. Although increament of these
parameters also improve the performance of GSHP, a higher investment is needed
for installation stage. Therefore an optimum size should be found, which minimizes
the total cost over the system lifetime.
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ISI POMPASI UYGULAMALARI iCIN HELIS TiPi TOPRAK ISI
DEGISTIRICILERININ OPTIMUM TASARIMI

OZET

Binalardaki enerji tiiketimi, gelismis lilkelerde tiiketilen toplam enerjinin biiyiik bir
kismin1 olusturur. Toprak kaynakli 1s1 pompasi sistemleri, hem 1sitma hem de
sogutmadaki yiiksek enerji verimlilikleri nedeniyle yayginlasmaktadir. Toprak
kaynakli 1s1 pompasi sistemlerin kurulum bedelleri ve performanslari, toprak 1s1
degistiricilerinin optimum seviyedeki tasarimindan biiyiik 6l¢iide etkilenir.

Guntimizde toprak kaynakli 1s1 pompasi uygulamalarinda diisey U borulu toprak 1st
degistiricilerin yaninda yatay olarak da uygulanabilen diiz, slinky ve helis tipleri de
mevcuttur. Bunlarm en 06nemlilerinden biri de helis (sarmal) toprak 1s1
degistiricilerdir. Bu 1s1 degistiriciler digerlerinden daha ucuz olmakla beraber, daha
az yer kaplamasi, uygulama kolaligi olmasi vb. avantajlara da sahiptirler. Sarmal
sekillendirmis toprak 1s1 degistiricisinin performansini etkileyen ii¢c etken vardir;
Toprak 1s1 degistiricisi borular arasindaki aralik, toprak 1s1 degistiricisi nominal ¢ap1
ve borunun sarmal yapisidir. Bulyuk oOlgekli toprak kaynakli 1s1 pompalari
uygulamalarinda birden c¢ok toprak 1s1 degistiricisi gereklidir, bu ylizden 1s1
degistiricilerin arasindaki uzakligi belirlemek ©nemli bir konudur. Bu tezde de,
sarmal toprak 1s1 degistiricilerin aralarindaki mesafenin 1s1 transfer oranina (ITO)
etkileri arastirilmistir. Toprak 1s1 degistiricisi performansi belirlenmis ve optimum
uzaklik tespit edilmistir. Buna ek olarak, saha ve sarmallarin sarimlar1 arasindaki
etkinin 1s1 transfer oranina ve toprak isi degistiricisi nominal ¢apina olan bagi sayisal
olarak COMSOL’da aragtirmistir. Elde edilen deneysel veriler de bu sayisal sonuglari
dogrulamakta kullanilmistir ve uyumlu olduklar1 goriilmiistiir. Bu ¢alismada yapilan
sayisal model Toprak kaynakli 1s1 pompalari sistemlerindeki sarmal toprak 1s1
degistiricileri tasarlamak icin bir yararli bir yol gosterici olacaktir.

Deneysel caligmalarda kullanilan Helis toprak 1s1 degistiricisi Toprak Kaynakli Is1
Pompast Test ve Arastirma Laboratuarinin agik hava boliimiinde toprak icerisine
yerlestirilmistir. Topraga gomiilmeden once yaklasik 1.1m uzunlugunda olan helis
toprak 1s1 degistiricisi acilarak ve sabit durmasini saglayacak bir boru vasitasiyla 3m
uzunluga getirilmistir. Daha sonra hazirlanan Helis toprak 1s1 degistiricisi agilan
kuyunun igerisine alt taban1 yerden 4.5m derinlikte {ist kism1 yerden 1.5m derinlikte
olacak sekilde yerlestirilmis ve bosluklar ¢ikan toprak ile doldurulmustur. Uglar
disarida kalan toprak 1s1 degistiricisinin u¢ borulart 0.5m derinlikte toprak altinda
yalitimli borularla laboratuar igerisinde bulunan Isil Test Sistemine baglanmistir.
getirilmis ve test edilmistir. Farkli zamanlarda birden fazla testler yapilarak sonuglar
dogrulanmistir.

Sistem durumunun daha iyi anlasilabilmesi i¢in, toprak 1s1 degistiricisinin
performanst 5 giin boyunca izlenmistir. I¢ ve dis devrelerdeki giris ve c¢ikis
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sicakliklarmin degisimi dlgiilmiistiir. Giris su sicakhign 40 °C’de sabit olarak
tutulmustur. Toprak 1s1 degistiricisine giden suyun ortalama doniis sicakligi ise 39.2
°C’dir. Ayrica toprak sicakhigindaki artis sebebiyle, topraktan cikis su sicakliginimn
zaman boyunca daha yiiksek degerlere ulastigi gozlenmistir. Bu sicaklik davranisina
gore, boru duvarlarindaki sicakligin sabit oldugu ve giris ve c¢ikis sicakliginin
ortalamasina esit oldugu soylenebilir.

Is1 degistiricinin boru duvarindan topraga olan 1s1 transferi; sarmal sayisi, konum,
malzeme ve borularin yapisina baglidir. Toprak 1s1 degistiricisinin disindaki borulari
dolduran ana akigkanda, hem tasinim hem de iletimle 1s1 transferi gerceklesebilir.
Bunun tagmim kismini 6lgmek oldukg¢a zordur. Bu g¢alismada 1, 2, 3 ve 5 sarmal
sekillendirilmis toprak 1s1 degistiricisinin bilgisayar modellemesi agiklanmistir. Bir
toprak 1s1 degistiricisindeki 1s1 transferini modellemek i¢in, zemindeki toprak/kaya
genellikle sonsuz homojen ortam olarak tahmin edilmis ve 1s1 transferi gogunlukla
iletimle gerceklesiyor kabul edilmistir. Toprak 1s1 degistiricisinin duvar sicakligi
sabit ve giris ve ¢ikis su sicakliklarinin ortalama degeri olarak kabul edilmistir. Farkli
toprak 1s1 degistiricisi araliklandirmalarinda 1s1 etkilesimlerinden olusan performans
kayiplar1 i¢in 3 durum belirlenmistir. Toprak 1s1 degistiricileri arasindaki uzaklik 1
metre ve 11 metre arasinda degistirilmistir. Ayrica zemindeki topragin farkli
ozellikleri ve sicakligi da toprak 1s1 degistiricisinin performansinda énemli bir rol
oynar. Zeminin sicaklig1 topragin 1sil 6zelliklerinin bir fonksiyonudur: 1s1l yaymnim
(@), 181l iletkenlik (k) ve 1s1 kapasitesi C,. Topragin 1s1l yaymimi; 1s1l iletkenlik ve 1s1
kapasitesine baglidir ve tanimlanmis bir Ozelliktir. Bu sebeple, toprak 1si
degistiricislerin 1s1l davraniglarini tahmin edebilmek i¢in 3 toprak 6zelligi: K, a ve C,,
bilinmeli veya hesaplanmalidir. Topragin 1s1l 6zelliklerinin dogru degerlerini elde
etmek i¢in uygulama yapilacak bolgede 6lglim sarttir. Bu 6l¢iim islemi topraga 1s1
vererek topragin buna tepkisinin izlendigi 1s1l tepki testleri ile gergeklestirilir. Toprak
bilesimi yalnizca konuma bagl olarak degil ayn1 zamanda topragin yapisina gore de
degisim gosterebilir. Topragin nemlilik orani, kil, kaya, kum vb. yapisi performansa
etki eden faktorlerdendir.

3 boyutlu, tek sarmal toprak 1s1 degistirici modeli COMSOL Multifizik programi
kullanilarak, geometrik degiskenlere ve kat1 alanlarin (zemin, harg ve polietilen giris
ve c¢ikis borular1) Ozelliklerine bagli olarak olusturulmustur. Model kosullar
deneysel kosullarla aynidir. Modelin dogrulugu deneysel verilerle kanitlanmigtir. Tek
sarmal toprak 1s1 degistiricisi deneysel sonuglart modelledikten sonra,
performanslarmin belirlenmesi amaciyla bir, iki, i¢ ve bes sarmal toprak 1s1
degistiricisi i¢in modeller olusturulmustur. Kritik toprak 1s1 degistiricisindeki 1s1
transferi miktar1 sayisal olarak belirlenmis ve tek sarmal toprak 1s1 degistiricisi
perasyonunda olusan performans kayiplart hesaplanmistir. Kritik toprak 1s1
degistiricisi, tim tez bolimlerinde merkezi toprak 1s1 degistiricisi olarak
tanimlanmistir. Bu ¢aligmanin sonucu olarak, toprak 1s1 degistiricislerin sarmal sayisi
arttiginda, biitin sistemin verimliliginin, Ozellikle toprak 1s1 degistiriciler arasi
mesafe kisa oldugunda, azaldig1 goriilmiistiir. Ornegin, 2 toprak 1s1 degistiricisinde
merkezi toprak 1s1 degistiricisinin performans kaybi, yaricap 3 m oldugunda % 6’dr.
Bu kayip 3 sarmal toprak 1s1 degistiricisinde % 14, 5 sarmal toprak 1s1
degistiricisinde % 22’dir. Benzer sekilde, mesafe 10 metre oldugunda performans
kayb1 2, 3 ve 5 sarmal toprak 1s1 degistiricisi i¢in sirastyla % 1, % 2 ve % 3’tiir.

Buna ek olarak, saha mesafesinin (L) ve toprak 1s1 degistiricisinin ¢apinin (D) etkisi
incelenmistir. Simiilasyonun sonuglart saha mesafesinin ve 1s1 degistiricisi ¢apinin
toprak kaynakli 1s1 pompast sistemlerinin tasarlanmasinda Onemli parametreler

XX



oldugunu kanitlamaktadir. Bu degiskenleri artirmak toprak kaynakli 1s1 pompasinin
verimini artirsa da, ayn1 zamanda ilk yatirim maliyetini de artirmaktadir. Bu yiizden,
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1. INTRODUCTION

In future, the world’s energy supply must become more sustainable. This can be
achieved both by a more efficient use of energy and by relying on renewable sources
of energy, particularly wind, hydropower, solar and geothermal energy. Air pollution
Is becoming a significant environmental concern in the most countries. Achieving
solutions to environmental problems that we face today requires long-term potential
actions for sustainable development. In this regard, renewable energy resources
appear to be one of the most efficient and effective solutions. For the governments or
societies to attain sustainable development, much effort has to be devoted to utilizing
sustainable energy resources in terms of renewable energies, (Wood et al, 2010). In
recent decades, energy consumption for building sector has increased in multifold
around the world. Efforts are being made to develop alternate energy sources for
meeting the demand of building heating and cooling loads. One of the best alternate
ways is the use of ground source energy, which is green and sustainable. This energy
can be utilized using GSHP system, which is well established in Western and
European countries for space heating applications, (Bakirci, 2010). GSHP systems

contain two parts, GHEs and heat pump.

GHEs use underground soil as a heat sink or source. When water flows through
pipes, heat is transferred from the water to the earth or from earth-to-water
depending upon the temperature of water relative to temperature of earth that
remains nearly constant at the annual mean temperature of that place, (Banks, 2008).
In some cases, the thermal condition of water coming out from the pipes is such that
it can be directly supplied to the space where it is to used, whereas in extreme
weather conditions, it needs another stage of processing before becoming acceptable
for supplying to the connected space, (Singh, 2013).

To determine the heat transfer in the GHEs with adequate accuracy is a crucial task,
and has great impact on sizing and simulating GHE. The design goal is to control the
temperature rise of the ground, performance losses between boreholes and the

circulating fluid within acceptable limits over the lifetime of the system. A



fundamental task for application of the GSHP technology is to grasp the heat transfer
process of a single borehole in the GHE. Heat transfer in a field with multiple
boreholes may be analyzed on this basis with the superposition principle, ( Yi Man et
al, 2012, Omer, 2008). As it is stated in literature, at deeper layers, the ground
temperature remains almost constant throughout the year and is usually higher than
that of the ambient air during the cold months of the year and lower during the warm
months, (Yi Man et al, 2012, Ochsner, 2007). GSHP systems use some electricity to
extract heat from the ground and deliver to the space to be heated, thus they
indirectly contribute less greenhouse gas generation than the conventional heating
systems, (Ozgener and Hepbasli, 2005, Trillat-Berdal et al, 2006).

In many developing countries, in the absence of GSHP, conventional electric
resistance heaters are used for space heating in winter and air conditioners for space
cooling in summer. With increase in average temperature of earth due to global
warming, the need for space cooling systems in summer season is augmented,
resulting in significant consumption of centrally generated electricity, (Fan et al,
2008).

Hence, there is an urgent need to find alternative systems for the present air
conditioners and heaters. GSHP will be a viable solution as it can be used for both
heating and cooling purpose with lesser electricity consumption and with an indirect
benefit of reduction in greenhouse gas emissions, (Ozgener and Hepbasli, 2005
, Trillat-Berdal et all, 2006).

In general, when a GSHP system is designed to operate for heating mode, it will
produce higher COP during heating operation. In order to save electricity input to the
GSHP system operating both in heating and cooling modes, the system parameters
have to be optimized to achieve a higher COP. The influencing parameters of GSHP
on the COP can be classified into four groups (Figure 1.1) (Sivasakthivel et al,
2014): GHE parameters, heat pump parameters, ground parameters and climate and
distribution parameters. Optimizing these parameters to get high performance is an
important aspect in the performance analysis of GSHP systems. With regard to
optimization of GHE parameters, few research works have been published, (Rabin
and Korin, 1996, Congedo et al, 2012).
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Figure 1.1: Cause and effect diagram for GSHP system (Sivasakthivel et al, 2014).
1.1 Purpose of Thesis

In large-scale GSHP applications, more than one GHE is needed. Optimizing
difference between these GHEs plays an important role in GSHP performance. In
addition, different parameters highly affect the efficiency of GSHP. One of the most
important GHESs is helix one. The purpose of this thesis is to optimize different
parameters that are affecting helix GHE performance such as distance between

GHEs, pitch lengh and major diameter of GHEs numerically and experimentally.

1.2 Literature Review

During the last decade, number of investigations has been conducted by some
researchers in the design, modeling and testing of GSHP. These studies are mostly
related to GHEs design. However, there are few studies in literature just based on
helix GHEs.

Rabin and Korin (1996) modeled the helical pipe with a series of horizontal rings
with a constant pitch between them and they solved this model by means of finite
difference method; they also developed mathematical model for thermal analysis of a
helical heat exchanger for long-term thermal energy storage in soil for use in arid

Zones.



Congedo et al. (2012) carried out Computational Fluid Dynamics (CFD) simulations
in order to investigate the horizontal configuration of a helical GHE (Figure 1.2).
Their work focused on comparing this set-up with linear and slinky ground heat
exchangers during both the winter and summer in the typical climatic conditions of
South Italy. In this work, a comparative analysis of two types of horizontal ground
heat exchangers, to be coupled with water to water heat pumps, had been performed.
For each type ground heat exchanger water velocity and ground thermal conductivity
is varied in order to investigate the performance of ground heat exchanger. The heat
exchangers were simulated under different operating conditions. Water mass flow
rate was set at three different levels (0.25 kg/s, 0.50 kg/s, 1.00 kg/s). The most
important parameter that affect the performance of the system was the thermal
conductivity of the ground around the heat exchanger. The velocity of the heat
transfer fluid inside the pipe was another key factor. The depth of installation of the
horizontal ground heat exchangers did not affect the performance. The helical heat

exchanger arrangement show the best performance.
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Figure 1.2: Helical horizontal ground heat exchanger configuration considered in the
simulations by Congedo et al (2012).



Zarrella et al (2013) investigated the thermal performance of helical and triple U
pipes that uses n-U-tubes inside a bore and takes into account axial heat conduction

in the ground and the borehole, as well as the borehole’s thermal capacitance.

Cui et al (2011) worked on the transient heat conduction around the buried spiral
coils which could be applied in the ground-coupled heat pump systems with the pile
foundation as a geothermal heat exchanger. They give explicit analytical solutions
for the temperature response by means of the Green’s function theory and the image
method (Figure 1.3).
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Figure 1.3: Temperature profiles along the three helix GHE with different Fourier
number (Fo) obtained by Cui et al (2011)

Park et al (2015) discussed various types of ground heat exchanger and stated that
temperature at a certain depth in the ground remains nearly constant throughout the
year. The ground capacitance can be regarded as a passive means of heating and
cooling of buildings. Vertical borehole heat exchangers were drilled to different
depths of 20-300 m with different diameters of 10-15 cm. It has been found that
performance of ground heat exchanger is effected by length of bore hole, U-tube
shank spacing, thermal conductivity of the grout and diameter of the pipe.

Ascione et al (2011) investigated the energy performances of an earth-to-air heat
exchanger for an air conditioned building for both winter and summer conditions.
The performance of the systems have been analyzed for different boundary
conditions such as the type of soil, pipe material, pipe length, depth, velocity of the

air crossing the pipe, ventilation air flow rates. Normally, the soil temperature at a



depth of 5 to 8 m under the ground level remains almost constant throughout the
year.

Esen et al (2009) presented a model to find out the temperature distribution of U tube
borehole for ground coupled heat exchanger system according to borehole depth. In
this study vertical drilling of bore was carried for three different depth as 30, 60 and
90 meter. The best performance of the system was obtained at a depth of 90 meter
but optimum depth is about 60 meter. In this study experimental result compared
with simulation result which was performed by commercial code ANSYS . Design
length and performance of heat exchanger strongly depend on the thermal
conductivity of the backfill material.

Wang et al (2009) investigated that due to ground water flow performance of
borehole heat exchanger increased and based on the measurement of the natural
ground temperature profile, a theoretical model was presented to estimate the affect

of groundwater flow.

Sagia et al (2012) studied that bore hole thermal resistance in ground heat exchanger
is affected by parameters such as geometrical attributes of heat exchanger in the bore
hole, pipes properties and grout thermal conductivity. Borehole thermal resistance
decreased as shank spacing between GHE pipes increased, a rise in grout™s thermal
conductivity lead to a fall of borehole resistance and the slighter wall pipe enabled a
bigger heat transfer rate between the heat carrier fluid and the ground. A small value
of borehole thermal resistance is desirable in order to achieve a high performance of
ground heat exchanger. schematic view of borehore heat exchanger is given in Figure
1.4.



h 4
GHE Borehole
\.. i
Grout
N
Close ~—" | Along outer
tog?_t_l'lef Average  wal
(oo ) | o) © d

Figure 1.4: Vertical GHE and configurations (Sagia et al, 2012)

Koohi-Fayegh and Rosen (2012) study the heat flows in the soil surrounding
boreholes in the long run. They present a numerical model for the region outside the

borehole and assume a periodic heat flux at the borehole wall (Figure 1.5).

Soil

Borehole

Figure 1.5: Cross-section of a vertical GHE. The fluid is ascending in one pipe and
descending in the other,( Koohi-Fayegh and Rosen, 2012).

Koohi-Fayegh and Rosen (2014) also use an analytical solution to the heat transfer
problem inside the borehole to evaluate the temperature of the circulating fluid along
the borehole length. This solution is then used to calculate the heat delivery/removal
along the borehole caused by the temperature difference between the circulating fluid
and the borehole wall temperature. The heat delivery/removal calculated from the
model inside the borehole is implemented as the heat boundary condition in the



analytical line source with finite length as well as in a three-dimensional finite

volume model.

Miyara et al (2011) studied several types of ground heat exchangers (GHES) installed
in a steel pile foundation around the bore hole, including double-tube, U-tube, and
multi-tube GHESs, The performance of GHEs was investigated in the cooling mode
with flow rates of 2, 4, and 8 It/min. The temperatures of the inlet and outlet of
circulated water were also measured to calculate the heat exchange rate. The double-

tube had the highest heat exchange rate than multi-tube and U-tube GHEs.

Lazzari et al (2010) investigated the long-term performance of double U-tube BHE
(borehole heat exchanger) fields by finite element simulations, performed through
the software package COMSOL Multiphysics. They also analyzed different
configurations of boreholes. Four different distances between adjacent boreholes and

two values of the ground thermal conductivity are considered in their study.

Khalajzadeh et al (2011) discussed a variable undisturbed ground temperature profile
of a vertical ground heat exchanger and the presence of underground water flow is
not considered. A full three dimensional computational fluid dynamics simulation
with 3.5 % error was performed using the CFD software. The objective of this paper
was to quantify the total heat transfer efficiency and heat exchanger efficiency of
vertical ground heat exchanger. As the depth of borehole is increased, the heat
exchanger efficiency is increased but the total heat transfer efficiency is decreased.
Optimization was performed with the conditions which are heat exchanger efficiency
and total heat transfer efficiency.

1.3 Present Study

In this thesis, time variation of HTR values of vertical helix GHEs is numerically
modelled and available experimental data at Energy Institute of Istanbul Technical
University are used for the validation of the model. Effects of distance between
GHEs, pitch length and major diameter on their HTR values are analyzed.

Contents of this study is as follows: a literature survey is presented in Chapter 1.
Chapter 2 gives general information about heat pumps and GSHP systems. Chapter 3
presents the experimental system and measurement devices as well as and the results

of the experiments. Chapter 4 contains simulation models of different configuration



of vertical helix GHE. Results of numerical solution such as time variation of HTR
value, temperature distribution in soil, effect of Ly, and D on HTR value are also
given in this chapter. Chapter 5 gives the conclusion and analysis of the system

performance.






2. GROUND SOURCE HEAT PUMP
2.1 Heat Pump

Heat is transferred from high-temperature media to low-temperature media without
requiring any device. However, to perform the reverse process, some devices are
needed. Heat pumps and refrigerators are devices that receive heat from a lower
temperature reservoir and reject it to a higher temperature reservoir. Heat pump has
the same cycle with a refrigerator that is commonly used in residences. The
difference in between a refrigerator and a heat pump is only the purpose.
Refrigerators are intended for cooling a selected space by extracting heat at lower
temperature. If desired effect is to heat the space, heat is discharged at higher
temperature in heat pumps, (Cengel and Boles, 2011).

A heat pump can either extract heat from a heat source and reject heat to air and
water at a higher temperature for heating, or provide refrigeration at a lower
temperature and reject condensing heat at a higher temperature for cooling. During
summer, the heat extraction, or refrigeration effect, is the useful effect for cooling in
a heat pump. In winter, the rejected heat provides heating in a heat pump, (Ingley et
all, 2005).

Heat pumps provide both energy-efficient and cost-efficient solution to the demand
for heating. The most important advantage of this type of heating system is that more
energy can be available for space heating than the work required to operate a heat
pump. In fact, modern electrical heat pumps can achieve performance factors
(coefficient of performance, COP) between 3.5 and 5.5. This means that for every
kWh power consumption, 3.5 to 5.5 kWh heating energy can be created (Cengel and
Boles, 2011). Addition to this high performance advantage, causing less pollution,
the ability to make both heating and cooling and the feasibility for industrial

applications have increased the popularity of heat pumps.
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2.1.1 Overview

The heat pump uses the concepts of the vapor compression cycle to transfer heat
from one source to another. Heat pumps exchange energy between the conditioned
interior space and either the ground or the air. For the purposes of this study, only
ground-source heat exchange is considered. In heating mode, the coil in the ground
loop becomes the evaporator, while the coil in the conditioned interior of the home
becomes the condenser, thus absorbing the heat from the refrigerant. The refrigerant
absorbs heat from the water in the ground-source loop, is compressed by the
compressor, and sent to the evaporator. The refrigerant then rejects heat to the space
where it is distributed throughout the home. In cooling mode, the coils are reversed
with the conditioned space being the evaporator and the ground source loop
becoming the condenser Figure 2.1 shows the simplified heat pump system with the
primary heat and work interactions between the cycles and surroundings. The box
represents the control volume defined for the vapor compression system. The “hot”

and “cold” bodies represent the thermal reservoirs and the arrows indicate the rate of

heat transfer Q to and from the system as well as the total power W

cycle

required for

the cycle.

< L at SDLH‘CE]I---:>

Figure 2.1: Simplified model of a heat pump system.
2.1.2 The reversed Carnot cycle

The Carnot cycle is a totally reversible cycle and it is composed of two reversible
isothermal and two reversible adiabatic (isentropic) processes. The theoretical heat
engine that operates on the Carnot cycle is called the Carnot heat engine and the

reverse cycle of it is called the Carnot refrigeration cycle (Cengel and Boles, 2011).
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A heat engine receives heat from high temperature reservoir and produces work by
rejecting that heat to low temperature reservoir. Maximum theoretical work that a
heat engine can produce is achieved by Carnot cycle. Consequently, the maximum
possible efficiency of a cycle can be obtained from the Carnot cycle between same
temperature reservoirs according to the Carnot principles. Figure 2.2 shows the P-v

and T-s diagrams of a reversed Carnot cycle.

The Carnot vapor compression cycle is the theoretical system that describes all heat
pump cycles. All processes in the Carnot cycle are assumed to be internally
reversible (i.e., no losses), as are the isothermal heat transfer processes. The
expansion valve is replaced by a turbine because of the assumed reversibility. The

components for this cycle are shown in Figure 2.3.
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Figure 2.2: P-v and T-s diagrams of a reversed Carnot cycle.
The four reversible processes are as follows:

a) 1-2 Reversible adiabatic (isentropic) expansion: The temperature of the

working fluid that is at Ty temperature drops to T, temperature isentropically.

b) 2-3 Reversible isothermal heat absorption: Heat is transferred isothermally
from the low-temperature source at T, temperature to the working fluid in the

amount of Q..

c) 3-4 Reversible adiabatic (isentropic) compression: The working fluid is
compressed isentropically by doing work on the system. The temperature of

the fluid increases from T temperature to its initial Ty temperature.
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d) 4-1 Reversible isothermal heat rejection: The working fluid rejects heat at
constant Ty temperature to the high-temperature reservoir in the amount of

Q.

A work done on the system is needed to keep the temperature of the space above the
4 atmospheric temperature. According to the Clausius statement in thermodynamics,
it is impossible to construct a device that operates in a cycle and produces no effect
other than the transfer of heat from a lower temperature body to a higher
temperature body. That is, heat cannot be transferred from a lower temperature

medium to a higher temperature medium without an input of work.
The coefficient of performance of a heat pump is the ratio of the desired output Qy to

required input Wyet (Qn- QL) by definition:

COP _desiredoutput Q.  Q,
" required input Q, -Q, W

(2.1)
in

Since energy reservoirs are characterized by their temperatures, the coefficient of
performance of a reversible heat pump (Carnot heat pump) is a function of the

temperatures only and becomes:

COP,

HP Camot :-I- (22)
This is the highest value that a heat pump operating between the temperatures limits
of T_ and Ty can have (Cengel and Boles, 2011).

2.1.3 The ideal vapor compression refrigeration cycle

The working fluid (refrigerant) is vaporized completely before compression on the
ideal vapor compression refrigeration cycle since the existence of liquid in vaporized
refrigerant entering a compressor can damage the valves. The turbine on Carnot
cycle is replaced with a throttling device, such as expansion valve or capillary tube.
This cycle is the most widely used cycle for refrigerators, air conditioning systems
and heat pumps. Schematic and T-s diagrams of an ideal vapor compression
refrigeration cycle are shown in Figure 2.3. It consists of four processes (Cengel and
Boles, 2011):

a) 1-2 Isentropic compression in compressor
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b) 2-3 Constant pressure heat rejection in condenser
¢) 3-4 Throttling in an expansion device

d) 4-1 Constant pressure heat absorption in an evaporator

WARM
‘ environment ‘

1Q“ T

Condenser
2
a
CompIressor

Expansion >< P
valve ie
Evaporator
Qy

I -
‘ COLD ‘ s
refrigerated space

Figure 2.3: Schematic and T-s diagram for the ideal vapor compression refrigeration
cycle (URL-2) .
The refrigerant enters the compressor at state 1 as saturated vapor with low pressure
and temperature and is compressed isentropically to the condenser pressure. The
temperature of the refrigerant increases during this isentropic compression process to
well above the temperature of the surrounding medium, such as atmospheric air.
Then the refrigerant enters the condenser as superheated vapor at state 2 and leaves
as saturated liquid at state 3 by rejecting heat to high temperature medium (the

surroundings).

The pressure of the saturated liquid refrigerant at state 3 drops to the evaporator
pressure by passing through an expansion valve or capillary tube. The temperature of
the refrigerant drops below the temperature of the refrigerated space during this
process. The refrigerant enters the evaporator at state 4 as a low-quality saturated
mixture and it evaporates completely by absorbing heat from the refrigerated space.
The refrigerant leaves the evaporator as saturated vapor and enters the compressor.
Therefore, the cycle is completed (Cengel and Boles, 2011).
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The ideal vapor compression refrigeration cycle is not an internally reversible cycle

because it involves an irreversible throttling process.

Another diagram frequently used in the analysis of vapor compression refrigeration

cycle is the P-h diagram, as shown in Figure 2.4.

!I [ ]

Figure 2.4: P-h diagram of ideal vapor compression refrigeration cycle.

The coefficient of performance of heat pumps operating on the ideal vapor

compression refrigeration cycle can be expressed as:

QH hz — h3
COPR = =
HP,Carnot Wnet’in h2 _ h1 (23)

where, h denotes enthalpy values of corresponding states, gn is heat rejected at

condenser and W petin IS WOrk input to the system.

2.1.4 Actual vapor compression refrigeration cycle

Actual vapor compression refrigeration cycle deviates from the ideal cycle due to
irreversibilities. Two common reasons for irreversibilities are fluid flow, which
causes pressure drops and heat transfers. The T-s diagram of an actual vapor

compression refrigeration cycle is shown in Figure 2.5.
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Figure 2.5: T-s diagram of the actual vapor compression refrigeration cycle.

The refrigerant enters the compressor as slightly superheated instead of saturated
vapor. Furthermore, the piping between the evaporator and the compressor is very
long, thus a significant heat transfer from the surroundings and a pressure drop
caused by fluid friction occur along the piping. There is also a pressure drop in the
evaporator. These three deviations from the ideal cause an increase in specific
volume of the refrigerant and thus an increase in the power requirements to the

compressor.

The compression process, which is assumed to be isentropic in the ideal cycle, may
have an increase or decrease in entropy. At the compressor inlet, the refrigerant has
lower temperature than the compressor cylinder wall and therefore heat is transferred
to the refrigerant. In the same way, heat is transferred from the refrigerant at the
compressor exit because the temperature of the refrigerant is higher than the
compressor temperature. Therefore, an increase in entropy occurs at the beginning of

the compression and a decrease in entropy at the end of it.

It is difficult to realize a constant pressure process at the condenser since there is a
pressure drop. Therefore, the temperature of the refrigerant becomes lower than the
saturation temperature and the refrigerant enters the throttling valve as subcooled. A
pressure drop also occurs in the piping between the condenser and the throttling

valve.
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Overall COP of a system that includes more applications than a heat pump like solar
assisted heat pump can be calculated by following relation:

Qu
COP,, =
W, AW, AW 2.4)

comp

others

Log-h diagram of an actual vapor compression cycle is shown in Figure 2.6.

lﬂ EF i

Figure 2.6: Real process of a vapor compression heat pump cycle.
The changes of states, which deviate from ideal process, can be described as follows:
a) 1-2 Compression with a variable polytropic exponent
b) 2-3 Heat output with loss of pressure due to friction
c) 3-4 Heat output by condensation with loss of pressure
d) 4-5 Expansion with heat input

e) 5-1 Heat input with loss of pressure and superheating

2.1.5 Heat sources

Three common sources widely use in heat pump systems. Air, soil and water. An
ideal heat source is inexpensive, abundant and it has a temperature as high as
possible. The difference should be small between the desired temperature and the
temperature of available heat source. In addition, the heat transfer medium should

not affect the heat exchange equipment chemically and physically (Singh, 2013) .
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2.1.5.1 Air

Air is the most common source in practice and it offers the possibility of a
substantially universal heat source. However, there are a number of problems
associated with its use as a heat source although air is free and widely available.
Many localities experience not only wide fluctuations in air temperature, but also the
temperature as the heating requirements increase. This will adversely affect the
coefficient of performance and the size of the refrigeration system. In the cooler and
more humid climates, some residual frost tends to accumulate on the outdoor heat
transfer coil (evaporator) as the temperature falls below the 2-5 °C range, leading to a
reduction in the capacity of the heat pump. As the heating load is greatest at the
lowest temperature, a supplementary heating source is required. This device could be
an existing oil, gas or electric furnace or electric resistance heating; the latter is

usually part of the heat pump system (Sporn et al, 1947).

2.1.5.2 Solil

Soil is very suitable heat source because of its high and constant temperature,
availability and storage capacity. Generally, the heat can be extracted from pipes laid
horizontally or sunk vertically in the soil. The latter system appears to be suitable for

larger heat pump systems.

Due to the removal of heat from the soil, the soil temperature may fall during the
heating season. Depending on the depth of the coils, recharging may be necessary
during the warm months to raise the ground temperature to its normal levels. This
can be achieved by passive (e.g., solar irradiation) or active means, (Sauer and
Howell, 1983).

2.1.5.3 Water

Because of its high heat capacity and good heat transfer properties, water is the best
heat source. Water from wells, lakes, rivers, and waste waters meets to requirements.
Water-source units are common in applied or built-up installations where internal
heat sources, heat or cold reclaim is possible. In addition, solar or off-peak thermal

storage systems can be used (Sporn et al, 1947).

Ground water, i.e. water at depth of up to 80 meters, is available in most areas with
temperatures generally in the 5-18 °C range. One of the main difficulties with these
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sources is that often the water has a high dissolved solids content producing fouling
or corrosion problems with heat exchangers (Sauer and Howell, 1983).

Water-to-air heat pump uses water as a heat source and uses air to move the heat to
or from the conditioned space. Almost any water can be used as the source: river

water, lake water, ground or well water, waste water, and so on.

2.2 Ground Source Heat Pump Systems

Ground source heat pumps, often referred to as geothermal heat pumps, are
recognized to be heating, cooling, and water-heating systems. They provide high
levels of comfort, offer significant reductions of electrical energy use and demand,
have very low, levels of maintenance requirements, and are environment friendly. A
ground source heat pump is a heating and cooling system that transfers heat to or
from the ground, using the ground as a heat sink in the summer and heat source in
the winter. A ground source heat pump can be significantly more energy efficient
than conventional air source heat pump. The heat source of a GSHP is the ground.
The heat is taken from the ground by a borehole heat exchanger (there is a lot of
different kind of BHES: U-pipe, helical shaped...). The heat is then transported from
the ground to the evaporator of the heat pump and supply the evaporator energy

,( Ascione et al, 2011). The schematic view of GSHP is shown in Figure 2.7.

Ground source heat pumps have some main advantages over conventional air source

heat pumps as:
a) They consume less energy to operate.
b) They are more stable energy source than air.

c) They do not require supplemental heat during extreme low outside

temperature.
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Figure 2.7: GSHP Schematic view.

2.2.1 Ground heat exchanger

Ground heat exchangers use underground soil as a heat sink or source. When water
flows through pipes, heat is transferred from the water to the earth or from earth-to-
water depending upon the temperature of water relative to temperature of earth that
remains nearly constant at the annual mean temperature of that place. In some cases,
the thermal condition of water coming out from the pipes is such that it can be
directly supplied to the space where it is to used, whereas in extreme weather
conditions, it needs another stage of processing before becoming acceptable for
supplying to the connected space. Ground temperature below a certain depth remains
relatively constant throughout the year because temperature fluctuations at the
surface of the ground are diminished as the depth of the ground increases because of
the high thermal inertia of the soil. Therefore ground temperature is always higher
than that of the outside environment in winter and is lower in summer at a sufficient
depth. The difference in temperature between the outside environment and the
ground can be utilized as a preheating means in winter and pre-cooling in summer by
operating a ground heat exchanger. Efficiency of a heat pump is higher than
conventional natural gas or oil heating systems, a heat pump may be used in winter
to extract heat from the ground and pump it into the conditioned space. In summer,

the process may be reversed and the heat pump may extract heat from the
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conditioned space and send it out to a ground heat exchanger that warms the
relatively cool ground. A ground source heat pump extracts heat from the ground —
whose temperature will be warmer than the air in winter (and cooler than the air in
summer). Therefore ground heat exchangers are more efficient than air source heat
pumps, especially in the coldest weather when they are most needed. Ground heat
exchangers generate very little noise and should last for many years with minimal
servicing. Ground heat exchanger are the system that is simple to use and easy to
maintain. In addition, since the system takes care of both heating and cooling.
Geothermal energy is a form of clean energy because using it doesn't emit any type
of pollutions (Banks, 2008).

2.2.1.1 History

The ground heat exchanger was described by Lord Kelvin in 1853 and developed by
Peter Ritter von Rittinger in 1855 (Url-1). After experimenting with a freezer and
Robert Webber built the first direct exchange ground heat exchanger in the late
1940s. The first successful project was installed in the Commonwealth Building
(Portland) in 1946 and has been designated a national historic mechanical
engineering landmark by ASME. This technology becomes popular in Sweden in the
1970, and has been growing slowly. Open loop systems controlled the market until
the development of polybutylene pipe in 1979 made closed loop systems economical.
Since 2004, there are over a million units installed worldwide providing 12 GW of
thermal capacity. 80,000 units are installed in the US every year and 27,000 in
Sweden every year (Url-2).

2.2.1.2 Need of ground heat exchanger

Factors like rising electricity prices and the environmental factors have forced us to
look for cheaper and cleaner alternatives to various applications. Water heating and
cooling is one such device that heavily consumes electricity and its emissions are
detrimental to the environment. The high current requirements of the water heating
and cooling require the installation of the high capacity electric cables. Also, because
of the intermittent starting and stopping of the air-conditioners the installed capacity
of the electricity has to be much higher than required for the actual running.
Moreover, the gap in the demand and supply of the electricity in our country limits

the suitability of the water heating and cooling. One of the alternatives that can
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address the above mentioned concerns and the most promising energy resources
available to man is geothermal energy. It is a form of clean energy because using it
doesn't emit any type of pollutions, and renewable energy because the heat within the
ground goes around in a cycle so we are assured that there will always be heat
available to us. Geothermal energy is mainly used in electricity production.
Geothermal energy power plants are becoming a popular alternative to plants that run
on fossil fuel. Geothermal energy is also used for heating, especially in many
localities in Iceland, Turkey, and the United States. On a smaller scale, geothermal
energy is using ground heat exchanger for heating and cooling purpose (Singh,
2013).

2.2.1.3 Mechanism of heat transfer

Ground heat exchangers use underground soil as a heat sink or source. Ground
temperature below a certain depth remains relatively constant throughout the year
because temperature fluctuations at the surface of the ground are diminished as the
depth of the ground increases because of the high thermal inertia of the soil. When
water flows through pipes, heat is transferred from the earth to the water or from the
water to the earth depending upon the temperature of water relative to temperature of
earth that remains nearly constant at the annual mean temperature of that place
(Florides and Kalogrirou, 2007). Heat is transferred in the ground by two ways,

convection and conduction.

Convective heat transfer: Convection is the transfer of heat from one place to
another by the movement of fluids (liquid and gas). Convection is a dominant form
of heat transfer in fluids. The term convection can refer to transfer of heat by fluid
movement. The process of transfer of heat from a solid to a fluid or from fluid to
surface requires not only transfer of heat by bulk motion of the fluid, but also by
conduction of heat through the still boundary layer next to the solid. Thus,
convection is a process with a moving fluid requires both advection and diffusion of
heat. The convection heat transfer depends upon the type of fluid, flow velocity, the
area of contact and the temperature gradient. This is mainly classified as natural or
free convection and forced convection. Natural convection results from the variations

of the density due to the temperature gradient in the fluid. On the other hand, forced
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convection is artificially induced by means of some external source like fan, blower

or pump.

Conduction heat transfer: Whenever a temperature gradient exists in a solid
medium, heat will flow from the higher-temperature to the lower-temperature region.
The rate at which heat is transferred by conduction, gk, is proportional to the
temperature gradient times the area A through which heat is transferred:
dT
=—kA — 2.5
G = KA (25)
In this relation, T(X) is the local temperature and x is the distance in the direction of
the heat flow. Physical property k is the thermal conductivity of the medium ( Kreith
et al, 2011).

The soil is considered as the main medium in this thesis. Heat is generally
transferred by conduction through the pipes in dry conditions. Having good
knowledge about thermal conductivity of soil help us to determine the qx as well as
possible. Thermal conductivity of soil differ in the range of 1.5-3.5 Wm™ k™ based
on the properties of it (Banks, 2008).

There are two types of ground source heat systems: open-loop and close-loop

systems.

2.2.2 Open Loop systems

Open-loop systems are those where we physically abstract water from a source, this
can be a river, the sea or a lake.(Figure 2.8) In the context of thermogeology,
however, we are primarily concerned with groundwater abstracted from springs, dug
wells, drilled boreholes or flooded mines. Heat is extracted from this flux of pumped
water or in cooling mode dumped into it. In cooling mode, we do not necessarily

need to use a heat pump (Banks 2008).
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Figure 2.8: Open-loop system (Banks, 2008)
2.2.3 Closed Loop systems

There is another way to extract heat from the ground that does not require any water
to be abstracted or re-injected at all. Such schemes are called closed-loop schemes
and they can be constructed practically anywhere in granties, clays, waste tips,
permafrost or abandoned mines. Closed loop schemes are of two types: direct
circulation and indirect circulation. Direct circulation schemes were more common in
the early years of GSHP systems, although some companies are still installing them
today, indirect circulation schemes have become far more widespread than direct

circulation schemes in today's European GSHP market (Banks, 2008).

2.2.3.1 Horizontal closed loops

One of the cheapest forms of indirect closed loop scheme is the horizontal closed
loop, installed in a trench (Figure 2.9). The optimal depth for such a trench is
regarded as 1.2-2 m. This depth is:

a) One that can be practically excavated using a mechanical excavator;

b) Deep enough to provide a sufficient thermal storage to support a heating
scheme during a winter, a reasonable soil moisture content and to isolate the

loop from the worst winter frosts;

¢) Shallow enough to allow solar and atmospheric heat to penetrate and

replenish the thermal storage around the loop during the summer months.
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Figure 2.9: Horizontal closed loops GHEs (URL-2)

2.2.3.2 Pond and lake loops

Coils of polyethylene pipes can also be installed in deep ponds or lakes (Figure
2.10). For this to be an appropriate solution, the lake should ideally be at least 3 m
deep, to ensure that natural temperature variation at its base are low. The lake should
also be large enough, so that the heat extracted by the heat pump does not change the

temperature of the lake water by an unacceptable amount.

Figure 2.10 shows heat transfer mechanism in shallow pond GHEs. Different types

of heat transfer is also given in this figure.
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Figure 2.10: Heat transfer mechanisms in shallow ponds (Banks, 2008).
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2.2.3.3 Vertical closed loops

If there is a large amount of available space at our development site, horizontal
trenched installation may be the cheapest means of installing a ground loop. At many
sites, however ground area is at a premium. A far more space efficient means of

installing a ground loop array is via vertically drilled boreholes.

Such boreholes are not nearly as sophisticated as the water wells. Although a short
length of permanent casing should be installed and grouted in the uppermost section
of the borehole to prevent surface contamination entering the subsurface, such
boreholes are typically drilled either open-hole or using only temporary casing in

loose rocks or sediments.

Two common vertical heat exchangers are U-tube and helical shaped heat
exchangers (Figure 2.11). In order to use U-tube heat exchangers the ground should
be drilled about 100-200 m. helical shaped heat exchangers are placed in maximum 3
m. thermal behaviors of two heat exchanges were investigated by Zarrella (Zarrella
et all, 2013). A helical pipe, rather than U-tubes, is proposed for use in the pile as its
technical advantages make it the more effective configuration. The helical-pipe
energy pile provided better thermal performance than the triple U-tube configuration

in the same conditions.

Figure 2.11: Schematic view of U-tube and helical GHEs (URL2)

Figure 2.12 shows the schematic view of different types of closed loop systems.
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Figure 2.12: Closed-loop systems (Banks, 2008)

2.2.4 The benefits of GSHPs
We can list a host of reasons why GSHPs provide attractive sources of heating and

cooling. Firstly, they are visually unobtrusive: a typical water - to - water heat pump
Is a white box, not unlike a fridge. They can be tucked away in a cellar or a plant
room and nobody need know that they are there. Conventional air - conditioning and
cooling systems may require large units to be bolted on to the side of buildings or
mounted on the roof . Even other environmentally friendly energy sources can have a

major visual impact: consider wind turbines, solar thermal panels or photovoltaic

arrays mounted on the roofs of buildings. The low visibility of GSHPs can be
particularly attractive to those requiring cheap ¢ green ’ energy in a national park or
other area where planning regulations restrict visual impact of new developments.
The low visibility of GSHPs has a downside as well: wind turbines and solar panels
advertise themselves, saying ‘ Look at me; 1 ° m a low - carbon household * . GSHPs
are not immediately obvious; possibly one reason for the initial resistance of the UK
market to the technology (Banks, 2008 )..

Furthermore, a large office building that is cooled and heated by GSHPs may not
need the massive roof - mounted evaporative cooling towers associated with
conventional cooling systems. This may have structural implications for the building:
it will not have to bear the weight of the cooling towers, possibly saving construction
costs. It will also free up roof space for high - value penthouse apartments and
offices. GSHPs present a minimal fire hazard and require minimal ventilation. They
are also extremely low maintenance and have a long lifetime compared with many

fossil fuel boilers. GSHPs produce relatively little noise, if properly mounted in an
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insulated cabinet, and can be placed in a household utility room or garage with
minimal disturbance. (GSHPs, like fridges, do emit some noise, however. They
should probably not be placed in a room that is regularly occupied.) Probably, the
most important advantages relating to heat pumps are (1) running cost and (2)
environmental impact in terms of CO, emissions. Before we proceed, it is important
to realise that GSHPs provide a low - CO, source of heating, but not usually a zero -

CO», source.
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3. EXPERIMENTAL SETUPS

3.1 Ground Source Heat Pump Test and Research Laboratory

GSHP test and research laboratory has been established in 2012 at Istanbul Technical
University Energy Institute. There are some facilities in this laboratory to do some
tests and research about GSHP systems. There are six (6) boreholes with different
properties. These properties are listed in Table 3.1. Figure 3.1 also shows the view of

boreholes in laboratory surroundings. The map of laboratory is given in appendix A.

Figure 3.1: Different boreholes in laboratory

Table 3.1: Properties of different boreholes at Energy Institute of ITU

Number of Depth Number of  Pipes Borehole Shank
borehole [m] pipes Diameter Diameter space
[mm] [mm] [mm]
1 50 1-U 32 176 97
2 50 1-U 32 176 97
3 50 2-U 32 176 97
4 100 1-U 32 176 97
5 50 1-U 40 200 120
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Also there are some other types of GHE in our laboratory. Slinky, horizontal and
vertical helix, horizontal spiral GHE. Figure 3.2 demonstrates vertical helix GHE
that placed between 1.5 and 4.5 meter in the ground. Figure 3.3 shows spiral and

slinky types with their physical properties (Table 3.2).

Figure 3.2: Vertical helix GHE
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Figure 3.3: Spiral and slinky GHE

Table 3.2: Different types of GHE at ITU Energy Institute

Type of Length of Depth Pipes
GHE pipe from the surface Diameter
[m] [m] [mm]
Horizontal slinky 100 2 32
Vertical slinky 100 2 32
Horizontal helix 40 15 25
Vertical helix 40 3 25
Spiral 100 2 32

3.1.1 GHE test system

To validate the results of numerical model for heat transfer simulation of the GHEs,
temperature and volumetric flow rate data have acquired for different types of
shallow GHEs in GSHP laboratory at ITU.

In the test system (Figure 3.4), flow rate, inlet and outlet temperatures are measured
and recorded in real-time for each pipe by PT1000 temperature sensors and liquid
turbine flow-meter. Before the test system is operated, temperature sensors are

calibrated in a calorimetric container to get the same results from each sensor for the

33



temperature range of from 2 °C and 55 °C. Flow-meters are also calibrated by
Siemens Mag5000 flow-meter.
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Figure 3.4: Experimental Test System

To test the pipes connected to the test system. After the air purged from the system,
undisturbed ground temperature has to be measured before the test is stared. To
determine undisturbed ground temperature the valves 3, 5, 6, 7 are closed (in Figure
3.5) and running the pump, circulating water temperature after 15-20 minutes gives
the information about the undisturbed temperature.
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Figure 3.5: Constant Temperature TRT System
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Later than, valves 2, 3, 7 and borehole’s valves are closed, mini pump and electrical
resistances with PID control are run to heat the water in the tank up to test
temperature. When the tank temperature achieved to the test temperature, by-pass
line and valves 2 and 3 are closed, valve 7 is half opened and the others are fully
opened, and then test is started. Mini pump on the tank provide homogeneity of tank
temperature. Inlet temperature is measured and controlled by PID controller.

3.1.2 Heat pump test system and and example for COP measurement

In order to evaluate the COP value of a heat pump, we need to keep some
temperatures constant. For instance, the temperature of the fluid in exit and entrance
of condenser should maintain at 45 and 40 °C and also in evaporator exit and
entrance should keep at 7 and 10 °C. For preparing these conditions we placed two
tanks contained of water, one of them represents ground and the other one the

building. Figure 3.6 demonstrates connection interface of COP test system in the lab.

Figure 3.6: Connection interface of heat pump COP test system
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After applying the mentioned conditions in last part to heat pump system, COP value
of a definite GSHP system is measured. Table 3.3 shows experimental results for 24
hours non-stop operation. Furthermore, COP of the system can be measured by

simple equation 3.1. Different measured parameters are given in Table 3.3.

The model of GSHP system is SensoTherm BSW designed by BROTJE. The COP
value of the tested heat pump under the conditions that were discussed in Part 3.3 is
given as 4.2 nominally. Figure 3.7 shows that the averaged COP value of the system
is approximately equal to 4.2. Oscillations results from the oscillations of controlled

temperatures due to low precise control.

Table 3.3: Heat pump COP test results.

Time w QH QC COPwp COPRr
[KWh] [KWh] [KWh]

9AM 22384 233.6 19.9 - -
1PM 23575 238.7 23.8 4.281 3.300

SPM 24407 2419 26.2 4.103 3.101
9PM  25.06 244.7 28.3 4.288 3.216
1AM 25.734 247.7 30.7 4.45 3.540
5SAM  26.689 251.7 33.7 4.188 3.204
9AM 27961 257.1 37.8 4.128 3.223
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Figure 3.7: COP cooling and heating test results
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3.2 Shallow GHE Test Results

In this part the results of HTR in different shallow GHEs are described. Shallow
GHEs are snail, slinky and helix. helix has different properties than other GHEs. To
compare all GHEs, in the first step snail, slinky types are compared. In the testing
process each GHE system tested for 70 hours sending specific constant temperature
fluid to the GHE. Testing fluid temperature is chosen as 40 °C to simulate summer
conditions for non-stop working. To get reliable results all tests are done twice in
different times. To avoid effecting of ground previous tests at least two weeks waited
between the tests. Figure 3.8 shows test results of snail, vertical and horizontal slinky
types. variation of heat transfer rates from start to end of the test can be seen in this
figure. Vertical slinky started higher HTR and then after period of time (about
12hours) decreasing of HTR become linear. Horizontal slinky shows similar
behavior to the vertical slinky but snail type shows different behavior than them. It is
almost linear decreased all the test period (Aydin et all, 2015).
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Figure 3.8: Shallow GHE test results (Aydin et all, 2015).
3.3 Helix GHE Test Conditions and Results

In this part the results of vertical and horizontal helix GHEs are given. In order to
better understand the behavior of the system, the performance of GHEs during 5 days
is experimentally analyzed. Figure 3.9 shows the evolution of the inlet and outlet

temperatures in the indoor and outdoor circuits in vertical helix GHE. As shown in
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Figure 3.9 inlet water temperature is almost in constant value of 40 °C. The ground
return temperature reaches the maximum value of 39.2 °C. It can also be observed
that the outlet water temperature from the ground approaches a higher and constant
value for longer duration due to increment of ground temperature. Based on this
temperature evaluation, we consider that the temperature of the pipes wall is almost
constant and is equal to the average value of inlet and outlet temperatures.

Characteristics of different helix GHE parameters are shown in Table 3.4 and Table
3.5.

Table 3.4: Characteristics of the helical-shape GHE pipes

Parameters

ro[mm] 12.5
ri [mm] 10.5
Lo[mm] 80
D[mm] 400
n 36
LGHE[mm] 3000
Kpe[W m™K™] 0.38
Cre[j Kg'K™] 1900
ppe [Kgm] 958

Table 3.5: Characteristics of ground and working conditions

Parameters

Co[j Kg™K™] 850
Kett [ W m™*K™] 35
p[ Kgm?] 2160
Tavg [°C] 39.6
Te [°C] 16.5
Tavgi[°C] 40.0
Tavg-o[°C] 39.2
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Figure 3.9: Inlet and outlet water temperature evaluation in 120 hours operation.

Figure 3.10 shows the HTR of single vertical and horizontal helix GHE for 120 hours
operation. As it is obvious from the Figure 3.10, performance of the GHE decreases
by the time and also HTR of horizontal helix is less than vertical one. HTR is directly
affected by the temperature of soil and GHE wall. GHE was tested in September
2013. During 2013 the temperature of the ground in different depths was measured
by using 15 sensors located in different depths of the ground. Figure 3.11 illustrates
temperature of ground that were collected in ITU GSHP laboratory. The reason of
difference between vertical and horizontal HTR values is the difference in ground
temperature. Horizontal GHE is placed in -1.5 m and the average ground temperature
is 22 °C in this zone. Vertical one is located between -1.5 and -4.5 m, the average

ground temperature here is 16.5 °C.
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Figure 3.10: HTR of helix GHE for 120 hours non-stop operation.
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4. SIMULATION

4.1 Modeling Purpose

In recent years, GSHP systems have been widely applied in residential and
commercial buildings. Due to the superiority of high energy-efficiency,
environmental friendliness and low maintenance GSHP systems have attracted more
and more attention. The major costs of vertical GSHP systems depend on the length,
diameter and numbers of GHESs. Analysis on heat transfer in subsurface is important

to size the GHE that optimum performance is achieved with minimum costs.

To reduce the high cost of experimental setups for different configuration of helix
GHE, computational 3D models are constructed for different configurations.

4.2 Model Description

To evaluate HTR value of the GHEs, a numerical model is developed in COMSOL
environment. In COMSOL, GHE can be modeled by fully discretized meshes. This
program has been practically proved to be a suitable way for simulating HTR values
of GHE. In order to analyze helix GHE, 3D models are developed. The model cases

are shown in Figure 4.1, 4.2 and 4.3

-3

w3

Figure 4.1: Different configurations of vertical helix GHEs
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Figure 4.3: Schematic view of helix GHE.

The heat transfer from the pipe wall of the GHE to the ground depends on the turns
number, location, material and configuration of the pipes. For modeling the heat
transfer of a GHE, the ground soil/rock is usually approximated as an infinite
homogeneous medium and heat transfer is assumed mainly taking place by
conduction. The wall temperature of GHE is assumed as constant and is equal to
average value of inlet and outlet water temperature. Also different characteristics of
soil in the ground such as thermal conductivity and specific heat capacity play an
important role in GHE performance. The other crucial factors that directly affect the

GHE performance is the temperature of the soil layers.

The temperature of the ground is a function of the soil thermal properties (Bose et

all, 1985): thermal diffusivity ( oc:k/pcp ), thermal conductivity (k) and the heat

capacity (C,). The soil thermal diffusivity is a defined property and is the ratio of the
thermal conductivity and the heat capacity. Therefore, three soil properties k, o and

Cp should be known or estimated to predict the thermal behavior of GHEs .These
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parameters are commonly assessed via laboratory measurements or field tests. In
laboratory, thermal conductivity is generally measured using the specimens gathered
from the borehole field. Drilling cores are often collected during the drilling works
and used for the preparation of specimens. Obtaining accurate values of the thermal
properties of the soil requires a detailed site survey. Soil composition varies widely
not only with locations but also from wet clay to sandy soil.

Following assumptions are made in all models:

a) Ground is an isotropic and homogeneous medium and also may contain some
water in some layer of it. Therefore because of these water possibility in the
soil, the effective thermal conductivity can be higher than the thermal

conductivity of the soil itself.
b) The temperature change along the vertical direction is negligible.

c) The fluid temperature in the GHEs is assumed equal to the average of inlet
and outlet temperatures.

4.3 Single Helix GHEs Computational Results and Validations

The accuracy of the simulation is verified by comparing the results of simulation
with the experimental one. In this part of the study, only one GHE is considered. The
average inlet temperature and the flow rate of the experiment are taken as 39.59 °C
and 15.9 I/min. Experimental results are obtained for 120 hours non-stop operation

and the results of computational model are based on aforementioned assumptions.

Figure 4.4 shows the experimental and computational results for the variation of
HTR values of horizontal and vertical helix GHEs with time. This HTR values

(performance) decrease due to heat transfer between GHE and ground.

As it is shown in Figure 4.4, experimental and computational results are in good

agreement which proves the accuracy of our model.
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Figure 4.4: Single horizontal and vertical helix GHE model validation for 120 hours
non-stop operation experiment.

It is noted that in these modeling, COMSOL solves time dependent conductive heat

transfer equation given below:

oT > 10( 0
¢ Lok | L 2ol 4.1
Poo o ~ e [822 r ar[ arﬂ “

Initial and boundary conditions for equation 4.1 are as follows:

T(0,r,z)=16.5 °C (4.2)
T(t,00,00) =16.5 °C (4.3)
T(t,r,,2,)=39.6 °C (4.4)

The main purpose of this study is to analyze the vertical helix GHEs since it has
higher HTR value. Therefore, all results given in following parts are related to

vertical helix GHEs.

Figure 4.5 and Figure 4.6 describe the variation of temperature distribution around
vertical helix GHE with time. As it is shown in Figure 4.6, numerical results state
that average soil temperature increases with time. Furthermore, this graph helps us in

placing the other GHE near a single one, the distance between them can
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approximately be estimated. More information about more than one helix GHE is
investigated in the second part.

50 qa A 312,955

1310
10

305

-10

-20

8-

¥ 290.15

Figure 4.5: Numerical temperature distribution in the ground at the end of 3 months
operation around single vertical helix GHE
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Figure 4.6: Temperature distribution around single helix GHE at the end of one, two
and three months.

4.4 Computational Results for Multi Vertical Helix GHE and Examination of
Performance Loss

4.4.1 Prediction of performance losses

By comparing the single GHE HTR value with those of 2, 3 and 5 GHESs, performance
losses can be determined by the following expression:
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QCGHE

Performance Loss=1- ="+ (4.5)

QSGHE

Performance losses occur because of thermal interaction between GHEs. The HTR
value of critical GHE is determined in each GHEs configuration computationally and
performance losses are calculated for different distances between GHES, which varies
from 1 mto 11 m. The critical GHE is defined as the central GHE in all configurations.

Figure 4.7 indicates the performance losses in different configurations of GHEs.
Based on the designer’s objective, optimum distances between GHEs can vary. Thus,
analysis of performances and costs of different configurations has been a task for

investors and engineers.

As it is seen from Figure 4.7, when the number of GHESs is increased in a finite size
domain, increament of the system performance becomes smaller for addition of each
GHE. It is found that when the distance between GHEs is d=3m, performance losses
of critical GHE (cGHE) for the cases of 2, 3 and 5 GHEs are around 6%, 14% and
22% respectively. Similarly when the distance is 10m, performance loss is 1%, 2%
and 4% for 2, 3 and 5 number of GHEs.

In engineering problems generally the performance losses less than 5% is acceptable
(Ozisik, 1993). As it is illustrated in Figure 4.7, the performance losses are less than
5% if distance is more than 5 m, 7 m and 9 m for two, three and five GHEs
configuration respectively. On the other hand, this value depends on the investors

and engineers who consider financial and technical performance criteria.
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Figure 4.7: Performance losses of critical GHE at the end of 3months non-stop

In order to better understand the placing of vertical helix GHEs, the schematic view

operation.

of three GHEs integrated with heat pump is demonstrated in Figure 4.8.

Figure 4.8: Schematic diagram of a GSHP system with three helix GHEs (Cui et al,

of 00 o

| |

(1. PGHE; 2,7. circulation pump; 3,31. condenser and evaporator;
(2. 4. reversing valve; 5. compressor; 6. expansion valve;
(3. 8. conditioned space )

2011).
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By taking all above mentioned arguments into the consideration, it is obvious that
optimum distance should be choosen from Figure 4.9. We choose 7 meters distance
between GHESs, because in that case performance loss is less than 10% and this
choise gives much more economical application opportunity. In this figure,
variations of performance losses of vertical helix GHEs with time are shown for
different configurations. Performance loss increase with time and the number of
GHEs.
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Figure 4.9: Time dependency of performance losses in case of 7 meter distance
between GHEs

4.4.2 Determination of temperature distribution around GHEs

Figure 4.10 shows the ground temperature profiles at various distances from the
GHE after 3 months non-stop operation. The temperature profiles in the ground are
affected by GHESs configuration.

The comparison of temperature profiles at the end of 3 months non-stop operation
and z=1.5 m, with different distance between GHEs is shown in Figure 4.10 for
different configurations. A comparison for different time values in case of constant
distance between GHEs is presented in Figure 4.11.

According to the comparisons shown in Figure 4.10 and Figure 4.11, the temperature
profiles in the ground are highly affected by GHESs configuration. It can be seen that
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an apex of the temperature distribution appears at the circumference of each GHE. It
is obvious from these figures that the ground temperature is raised by the time and
temperature response at any location keep rising and also for a specific distance from
each borehole, the temperature of the region between the boreholes is higher than the
temperature of the outer area. As it is shown in Figure 4.10a after running the system
for 3 month the temperature of the soil at the central axis of two GHESs increases
about 3°C, 7 °C and 19 °C when d=11m, d=6m and d=1m respectively. By increasing
the number of GHEs, temperature distribution is also changed. As it is shown in
Figure 4.11b the temperature of the soil increases about 3.5 °C, 9.5 °C and 19.5 °C
when d=11 m, d=5 m and d=1 m at the middle point between two GHEs.

Figure 4.12 shows the schematic view of thermal interaction between GHESs. As it is
seen, the thermal interaction between GHEs becomes higher when the number of

GHEs increases and also distance between them decreases.
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Figure 4.10: Effect of distances between GHEs in temperature distribution at
z=1.5m and at the end of 3months non-stop operation for (a) N=2 (b) N=3 (c) N=5
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Figure 4.12: Schematic top view of temperature distribution in the ground at the end
of 3 month non-stop operation with d=7 m

4.5 The Influences of the Pitch Distance (L) and Major Diameter (D) of a
Single Vertical Helix GHE on it’s HTR Value.

The pitch between the turns of the helix and GHE major radius play a crucial role in
the design process. These parameters are geometric parameters that directly affect
the HTR and initial cost of the installation for the system. These properties are
directly related to the vertical lengths required to construct the heat exchanger as well
as amount of excavation. The numerical simulations of a single vertical GHE are
made for different L, and D values. The effects of pitch distance and major diameter
of helix GHE on its HTR value are exmained (Figures 4.13 and 4.14).

To investigate the effects of L, on HTR value of GHE, total length of vertical helix
GHE is assumed as constant value. In this thesis total length of vertical helix GHE is
100 m. It is also equal to the amount of total length of used pipes.

Figure 4.13 and Figure 4.14 show the HTR of GHE for different values of L, and D.
It is seen that by increasing the L, and D, HTR value of a GHE is improved. On the
other hand, the total cost of embedding the GHE into ground becomes higher and
higher by increasing the values of L, and D. Therefore, it is important for designers

and investors that they know the exact requirements of consumers.
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The improvement of HTR value with longer and bigger exchangers results in
increment of installation costs, which are the main drawback of GSHPs. During the
designing of GHE fields, maximum heat load of the consumer is considered, and the
minimum required borehole sizes (L, and D) are chosen. On the other hand, trying to
minimize the installation cost by decreasing the sizes of L, and D alone, causes
higher number of GHE which also increases the initial cost. Therefore, initial cost
should be minimized by considering the whole system. Furthermore, not only the
initial cost but also the operational costs should be considered during the
optimization of the system overall costs. This requires the long term predictions of
HTR value of a GHE.
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Figure 4.13: Effect of pitch (L,) on HTR for 3 months non-stop operation
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Figure 4.14: Effect of GHE major radius (D) on HTR for three months non-stop
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Figure 4.15: HTR value of a single helix GHE versus L, for different operation
times
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Figure 4.16: HTR of a single helix GHE versus D for different operation times

Variations of HTR value with L, and D are seen in Figures 4.15 and 4.16
respectively. These figures show that the average HTR values linearly increase with
the value of D and L,. These linear dependencies are due to the increment of
peripheral surface area and heat capacity of ground per turn. Since the time variation
of HTR value decreases with increasing time, lines given in Figures 4.15 and 4.16

are getting closer to each other for longer operation times.

4.6 A Typical Example for Vertical Helix GHE Analysis

In this part, a building with 120 m? heating/cooling area is considered. For heating
and cooling of this building, GSHP system with vertical helix GHE is chosen.
Schematic view of building is shown in Figure 4.17. As it is stated in different
references, general required heat load in Turkey for a standard building is
approximately 80 W/m?. Therefore total heat load of this building is 9600 W.
Furthermore, COP value of a heat pump is assumed as 4.0. In this case, 7200 W heat

is needed to pump from ground to building.
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Figure 4.17: Building with vertical helix GHE

To predict the number of GHEs that are needed for heating and cooling applications,
first of all long term performance of a single vertical helix GHE should be estimated.
Again by using COMSOL and based on previous validated data, HTR value of a
single vertical helix GHE is numerically predicted. The averaged HTR value is

around 870 W for 1-6 months time interval.

In GHE designing procedure generally the most critical conditions are considered.
The system is assumed to work 6 months non-stop in heating or cooling mode. For 6
month operation, COMSOL results show that averaged HTR of a single vertical
helix GHE is 870 W. By taking all the above arguments into consideration it is
concluded that 9 vertical helix GHE is needed for this building. For more than 5
GHEs, we assume that five GHEs graph can be used for performance loss prediction
with an acceptable error. By looking at Figure 4.7, ten meter distances between
GHEs are chosen. For this distance, performane loss is less than 5%. Based on
consumers utilization and designers goals this amount can of course be vary. The
suggested configuration is shown in Figure 4.18 for most critical conditions (6
months non-stop operation). In this configuration, performance loss is predicted less
than 5%.
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Figure 4.18: Nine vertical helix configuration

To confirm our modeling for nine GHEs, COMSOL model is also run for this
configuration. Numerical analysis shows that performance loss is 6.68%. Numerical
results are also confirming the accuracy of our designing with an acceptable error.
Figure 4.20 shows the thermal interaction between GHEs at the end of 6 months non-

stop operation.
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Figure 4.19: Thermal interaction between nine vertical helix GHEs for 6 month non-
stop operation

Sometimes the application area is limited and there is no enough space for placing
GHEs. In that case, more performance losses can be accepted to minimize the

application area. For nine vertical helix GHEs, the following configuration can also
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be used. In corners and sides we can use three GHEs performance loss graph. In
Figure 4.7 for three GHEs 8 meters distance is suitable. Figure 4.21 demonstrates

other configuration of nine GHES that can be used.

10m 10m

Figure 4.20: Other configuration type of nine vertical helix GHEs
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5. CONCLUSIONS AND RECOMMENDATIONS

This thesis presents the analyses of different parameters on the performance of
vertical helix GHE for GSHP systems. The most important parameters, which
influence the performance of GSHPs, have been thoroughly analyzed, running long-
term simulations and estimating the performance losses for each GHE configuration.
In order to show the accuracy of our simulation, we compare the modeling results
with available experimental data. As it is discussed, computational and experimental

results are in good agreement.

The results of the simulations prove that L, and D are one of the important
parameters in the design of a GSHP. Although increasing these parameters can
improve the efficiency of GSHP, a larger investment is needed for installation.
Therefore an optimum length should be found, which minimizes the total cost over

the plant lifetime for an acceptable performance value.

In the large number of GHE, one of the most essential parameters that affect the
system performance is distance between GHEs. In this study, the optimization
process is performed separately for each number of GHE to estimate the range of the
optimal distances between GHEs and how the optimal distance vary from month to
month and also for different number of GHEs. As it is shown in Figure 4.7 the
performance losses are less than 5% if the distance between GHE is more than 5 m, 7

m and 9 m for 2, 3 and 5 GHESs configuration.

Also the model presented in this study has been used to examine the temperature
distribution development of different GHEs configuration. The temperature
distributions around GHEs are determined for different distances between GHEs.
The model seems to be compatible for showing the temperature distribution

development around GHESs with time.
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The simulations given in this study represent some new results which have not been
published yet in literature of GSHP technologies. This computational model may

provide useful guidance for designing the helix GHE for GSHP systems.

Finally, the complete COMSOL model presented in this work can be used as a tool
to develop control strategies in order to optimize the system energy performance and

ensure users’ comfort along the year.

In the future, the following studies can be done to extend the study given in this

thesis:

a) Green's function method for performance prediction of helix GHE in case of

constant wall temperature
b) Constant heat flux model for helix GHE

c) Investigating the applicability of using helix GHEs in deeper layers and also

analyze its performance as well as total costs.
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APPENDIXES

APPENDIX A : ITU Energy Institute laboratory schematic view
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APPENDIX A : ITU Energy Institute laboratory schematic view
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Figure A.1: ITU Energy Institute laboratory schematic view
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