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RINGKASAN

Ground Source Heat Pump (GSHP) System merupakan sistem permesinan yang digunakan untuk
pemanasan dan pendinginan dengan aplikasi yang sangat luas antara lain : pengkondisian udara pada
bangunan, suplai air panas dan aplikasi pada pertanian. Aplikasi yang paling banyak digunakan dari
sistem ini adalah untuk pengkondisian udara (pendinginan dan pemanasan) pada bangunan perumahan
dan komersial.

Pengembangan beberapa tipe dari Ground Heat Exchanger (GHE) yang merupakan bagian dari sistem
GSHP dan modifikasinya telah membantu dalam mengembangkan pemahaman tentang GHE untuk
sistem pengkondisian udara yang dikenal dengan Ground Source Cooling System. Sekarang ini GHE tipe
spiral-tube mendapatkan perhatian yang luas terkait dengan tingginya pertukaran panas dari GHE dengan
tanah sekitaarnya.

Penelitian ini bertujuan untuk mengembangkan sebuah GHE tipe spiral yang baru dan mempelgjari
performancenya selama 3 (tiga) tahun periode penelitian yang diusulkan. Penelitian ini akan melalui studi
numerik dan eksperimental. Pada tahun pertama ini, studi tentang beberapa faktor terkait pendesainan
GHE tipe spira dibandingkan dengan beberapa tipe GHE dengan beberapa kondisi operasi seperti
pengaruh temperatur inlet air dan kedalaman tanah. Selanjutnya, studi tentang perbandingan GHE tipe
spiral dengan dengan tipe konvensional dilakukan. Pengembangan GHE tipe spiral dengan kedalaman
yang rendah dilakukan dengan berbagai variasi kondisi operasi dan konfigurasi. Pada tahun kedua, GHE
untuk sistem pengkondisian udara akan diuji secara eksperimental. Analisis energi dan exergi dari sistem
akan dilakukan pada tahun ketiga. Target utama adalah rekomendasi desain dari aplikasi GHE tipe spird
dan modifikasinya untuk sistem pengkondisian udara serta membangun jaringan penelitian internasional
secara komprehensif.

Simulasi tentang GHE tipe spiral pada berbagai kondisi dan perbandingan dengan tipe lainnya telah
dilakukan. Beberapa peralatan pendukung telah disiapkan untuk mendukung penelitian ini. Beberapa
kegiatan yang telah dilakukan terkait kerjasama penelitian dengan peneliti mitra sebagai output penelitian
antara lain : peneliti mitra telah berpartisipas sebagai keynote speaker pada ICESNANO 2016 Solo.
Penulisan jurnal paper internasional telah di submit ke Journal of Engineering Science and Technology
(JESTEC) terindeks Scopus. Hasil penelitian ini juga diseminarkan pada “The 3 International
Symposium on Smart Material and Mechatronic (ISSMM) 2016 dan internasional conference lainnya.
Hasil pendlitian tersebut yang didiskusikan pada ISSMM Conference 2016 akan ditingkatkan untuk
disubmit ke Jurnal Internasional Scopus: Journal of Mechanical Engineering © 2016 Faculty of
Mechanical Engineering, Universiti Teknologi MARA (UiTM), Maaysia. Selanjutnya, aktivitas
pendlitian internasional telah dilakukan pada tanggal 23 s/d 29 Oktober 2016 dengan diskusi hasl
penelitian dengan international partner di Saga University Japan (Prof. Akio Miyara & Dr. K Kariya).
Diskusi hasil penelitian dan eksperimental set-up untuk pengujian sistem GSHP di Saga University serta
penyusunan skenario penelitian tahun 2017 telah dilakukan. Peneliti mitra juga telah sepakat untuk
memberikan kuliah khusus dan menjadi pembicara kunci di Universitas Hasanuddin pada bulan
November tahun 2017. Special lecture terkait perkembangan penelitian juga telah dilakukan pada tanggal
26 Oktober 2016 di Saga University Japan. Hasil penelitian yang telah dilakukan bersama dengan
international partner dipresentaskan pada New Energy and Industriad Technology Development
Organization (NEDO) Japan di Tokyo padatanggal 28 Oktober 2016.
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BAB | PENDAHULUAN

Penggunaan sumber energi yang ramah lingkungan dan terbarukan sekarang ini merupakan suatu
tantangan untuk membuatnya menjadi teknologi yang atraktif dengan biaya yang efektif.
Penggunaan energi geotermal telah dikenal sebagai solusi untuk mengurangi emisi gas rumah
kaca seperti karbon dioksida (CO,), sulphur dioksida (SO,), dan Nitrogen Oksida (NOy) di
amosfir. Sumber energi ini berdasarkan ASHRAE (2011) dikategorikan antara lain: 1)
Temperatur tinggi (> 150 °C), untuk pembangkit listrik; 2) Temperatur rendah dan menengah (<
150 °C), untuk pemanfaatan langsung; dan 3) Temperatur < 32 °C, untuk aplikasi sistem pompa
kalor yang berbasis tanah yang secara internasional dikena dengan sistem ground-source heat
pump (GSHP).

Aplikasi yang paling dikenal sekarang ini adalah untuk pemanasan dan pendinginan ruangan
pada perumahan dan bangunan komersial dengan menggunakan sistem GSHP. Sistem ini
memberikan efisiensi yang tinggi dibanding dengan sistem pompa kalor yang berbasis udara
yang secara internasiona dikenal dengan sistem air source heat pump (ASHP). Ground Heat
Exchanger (GHE) digunakan pada sistem GSHP sebagai alat penukar kalor yamg terjadi antara
air sirkulasi pada alat penukar kalor tersebut dengan tanah sekeliling. Tiga parameter penting
dalam mempelgjari kinerja alat penukar kalor ini adalah konduktivitas termal, tahanan termal
dari borehole dan temperatur tanah sekeliling.

Untuk pengembangan GHE tipe spiral yang baru diperlukan studi yang mendalam. Beberapa
faktor seperti geometri optimum dari GHE tipe spiral dan kondis operasi pada aplikasi sangat
dibutuhkan dalam membuat guideline desain. Studi numerik dan eksperimental dibutuhkan untuk
menggambarkan karakteristik dari faktor tersebut diatas. Pengembangan Ground-source Cooling
System di Indonesia membutuhkan studi yang komprehensif terkait sifat-sifat termal tanah dan
desain GHE tipe spiral serta konfigurasinya dalam aplikasi. Studi ini akan membandingkan
data-data dari berbagai tipe GHE untuk mengetahui karakteristik GHE berdasarkan data di Japan

dan Indonesia.

Tujuan Pendlitian

Tujuan utama dari penelitian ini adalah untuk mengembangkan GHE tipe spiral yang baru untuk
sistem pengkondisian udara. Target final yang diharapkan adalah rekomendasi desain dari GHE

tipe spiral yang baru sekaligus membangun jaringan kerjasama penelitian internasional .



Tujuan penelitian dapat diuraikan sebagal berikut:

Mempelgjari sifat termal dan karakteristik tanah di Makassar, Indonesia

2. Mempelgari berbagai faktor terkait untuk mengembangkan GHE tipe spiral yang baru
untuk Ground-source cooling system.
Mengembangkan dan memasang GHE tipe spiral

4. Mempelgari peformanst GHE berdasarkan data eksperimental

Menganalisis energi dan exergi dari Ground-source cooling system

Output Pendlitian

Target utamadari penelitian ini adalah mengembangkan GHE tipe baru dari modifikasinya untuk
Ground-source cooling system. Hasil dari penelitian akan dipublish pada prosiding konferensi

internasional dan jurnal ilmiah internasional setiap tahunnya.



BAB Il TINJAUAN PUSTAKA

Sistem GSHP digunakan secara luas dalam aplikasi sebaga pemanas dan pendingin ruangan,
suplai air panas dan aplikas pada bidang pertanian. Pemanfaatan yang paling banyak dikenal
adalah aplikasi sebagai pendingin dan pemanas ruangan pada bangunan perumahan dan
komersial.

Beberapa penelitian telah dilakukan untuk mempelgari sistem GSHP ini. Pengembangan baru
yang inovatif telah dilakukan oleh pendliti-peneliti internasional dan hasil penelitian mereka
telah dipublish secara internasional. GHE yang digunakan dalam sistem GSHP dapat dibagi
menjadi GHE yang dipasang secara horizontal dan vertikal seperti yang ditunjukkan pada

gambar 1.

Gambar 1. GHE dipasang secara horizontal dan vertikal (Kavanaugh and Rafferty, 2014)

Diagram skematik dari GHE tipe spiral yang digunakan dalam sistem GSHP ditunjukkan pada
gambar 2. GHE tipe ini mempunyai kenerja yang tinggi dibandingkan tipe konvensional.
Walaupun demikian, kinerja yang tinggi dari GHE ini hanya dapat diperoleh pada
kondisi-kondisi tertentu seperti kedalaman borehole, sistem operas dan konfigurasi bentuk
spiralnya.

P

Gambar 2. Diagram skematik dari GHE tipe spira oleh Man et a. (2010) and Cui et al. (2011)
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Pada daerah bercuaca panas seperti Indonesia, sisstem GSHP digunakan sebagai sistem
pengkondisian udara yang dikenal dengan ground source cooling system. Sistem ini digunakan
hanya untuk sistem pendinginan sehingga panas yang dibuang ke tanah akan terakumulasi di
sekitar GHE. Untuk mengatasi hal tersebut, sistem hibrid GSHP telah dikembangkan secara luas
(Man et a., 2010) dengan menggunakan supplemental heat reector untuk mengurangi
akumulasi panas di sekitar GHE seperti yang ditunjukkan pada gambar 3.
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Gambar 3. Diagram skematik sistem hibrid GSHP

Studi eksperimental untuk mengevaluasi parameter optimal dari GHE yang digunakan untuk
sistem pendinginan ruangan di Tunisia telah dilakukan seperti ditunjukkan pada gambar 4.
Performans dari GHE dengan konfigurasi horizontal telah dianalisis secara eksperimental dan
analitik (Naili et a., 2013). Analisis energi dan exergi dari sistem ini untuk kondisi cuaca panas
telah (Naili et a., 2015).



Gambar 4. Eksperimetal set-up dari ground source cooling system

Beberapa peneliti telah mengembangkan ground source cooling system untuk sistem
pengkondisian udara pada perumahan dan bangunan komersial. Pengembangan ground source
cooling system di Indonesia membutuhkan sebuah studi yang komprehensif tentang sifat termal
tanah, desain dari GHE dan sistemnya secara keseluruhan. GHE tipe spiral mendapatkan
perhatian yang besar karena besarnya kemampuan pertukaran panas dengan tanah disekitarnya.
Pengetahuan tentang performansi dari GHE tipe spiral pada kondis bervariasi sangat krusial
dalam aplikasinya. Beberapa faktor seperti geometri optimum dan kondisi operasi untuk aplikasi
masih sangat dibutuhkan untuk panduan desain.

Persoalan mendasar pada GHE adalah biaya instalas dan borehole untuk tipe vertikal dan
keterbatasan area tanah yang tersedia untuk tipe horizontal. Penelitian ini akan mengembangkan
GHE tipe spiral dengan kedalaman rendah dari borehole untuk mengatasi persoalan tersebut.
Untuk mencapai maksud tersebut, tahapan penelitian telah disusun dan pelaksanaan pendlitian
telah dan sedang dilakukan. Beberapa hasil pendlitian telah diperoleh untuk mendukung
pengembangan GHE tipe spiral ini.



BAB IIl.METODE PENELITIAN

Penelitian dilakukan untuk mengembangkan GHE tipe spiral yang baru untuk ground-source
cooling system. Studi numerik dan eksperimental sedang dilakukan di Laboratorium Energi
Terbarukan Program studi Teknik Mesin Universitas Hasanuddin berkolaborasi dengan

Laboratorium Termal Engineering Saga University Japan.
Indikator Kemajuan dari penelitian ini dapat dilihat dari output penelitian sebagai berikut:

(1) Diskusi IImiah dan Publikasi pada Prosiding konferensi Internasional (tahun ke-1, 2 dan 3)
(2) Publikasi IImiah pada Jurnal Internasional (tahun ke-1, 2 dan 3)

(3) Guideline rekomendasi desain



BAB IV. PELAKSANAAN PENELITIAN

Penelitian tentang pengembangan sebuah GHE tipe spira yang baru dilakukan di laboratorium Energi
Terbarukan Prodi Teknik Mesin Universitas Hasanuddin.

Kegiatan penelitian yang dilakukan antaralain:

1) Analisis berbagai faktor yang berpengaruh terhadap GHE tipe vertikal dengan simulasi numerik
untuk mengetahui pengaruh temperatur inlet air dan pengaruh kedalaman borehole.

2) Andisis performance GHE tipe spird yang dipasang pada kedalam rendah dan menyusunnya
dengan berbagai konfigurasi serta membandingkan dengan tipe konvesional.

3)  Pembuatan dan persiapan studi eksperimental tentang kondisi termal tanah.

A. Beberapa faktor yang berpengaruh terhadap GHE tipe vertikal

Simulas numerik dilakukan untuk mengetahui pengaruh temperatur inlet air terhadap kinerja
GHE. Beberapa tipe dari GHE meliputi U-tube, Double-tube dan Multi-tube dijadikan model
acuan untuk pengembangan GHE tipe baru. Model dari GHE tersebut dapat dilihat pada gambar

5 dengan potongan melintang horizontal .
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Gambar 5. Model GHE dengan potongan melintang horizontal

Kinerja dari ketiga model GHE tersebut diatas di uji dengan variasi temperatur inlet. Hal ini
untuk melihat pengaruh delta temperatur antara air sirkulasi dengan temperatur tanah
sekelilingnya. Hasil ssmulasi menunjukkan pengaruh temperatur inlet terhadap kinerja dari
ketigamodel GHE seperti terlihat pada gambar 6.
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Multi-tube GHE

100} Inletwate temperawre, T, Cooling mode |
E S Tun=27C T,.=25C T =20°C _
% 50 i Wf ]

® 25 #
N e — —
é B 2\ \\‘ ]
T B g =sc " 1
-100 | Heating mode ]
0 2 4 6 8 1012 14 16 18 20 22 24

Time (hour)

(¢) Multi-tube

Gambar 6. Kinerja GHE terhadap variasi temperatur inlet air sirkulasi

Nilai ratarata kinerja GHE selama 24 jam pengoperasian dapat dilihat pada gambar 3. Kinerja GHE
meningkat pada proses pendinginan dan menurun pada proses pemanasan sebasar 3.4 W/m untuk tipe
U-tube, 5.7 W/m untuk tipe double-tube dan 3.3 W/m untuk tipe multi-tube dengan peningkatan 1 C (K)
terhadap perbedaan temperatur air masuk dan tanah sekeliling (Ti—T ground)-
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Gambar 7. Nilai rata-rata kinerja GHE selama 24 jam pengoperasian



Kinerja GHE terhadap perubahan kedalaman borehole juga dipelgari. Kedalaman borehole sangat
berpengaruh terhadap biaya instalasi dari GHE. Karakteristik GHE meliputi distribusi temperatur serta
pengaruh interperensi antara pipainlet dan outlet dapat dilihat pada gambar 8.

Kinerja GHE rata-rata selama 24 jam pengoperasian terhadap perubahan kedalaman borehole 20 m, 40 m
dan 100 m dapat dilihat pada gambar 9. Berdasarkan perbandingan dengan kinerja GHE pada kedalaman
20 m, diketahui bahwa kinerja per meter kedalaman menurun 32.5 % pada kedalaman 60 m, 47.9 % pada
kedalaman 100 m untuk GHE tipe U-tube dan 29 % pada kedalaman 60 m, 42.7 % pada kedalaman 100

m untuk multi-tube.
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Gambar 8. Distribusi temperatur terhadap perubahan kedalaman borehole
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Gambar 9. Kinerja GHE rata-rata selama 24 jam pengoperasian terhadap perubahan kedalaman

B. Performance GHE tipe spiral pada kedalaman rendah

Skema dari GHE tipe U-tube dan spiral-tube ditunjukkan pada gambar 10. Kedua GHE

dipasang pada kedalaman 5 m. Model tiga dimensi, grid dan meshing dari GHE tipe

spiral-tube ditunjukkan pada gambar 11.
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Gambar 10. GHE tipe spira dan tipe U-tube pada kedalaman rendah
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Gambar 11. Model tiga dimensi, Grid dan meshing dari GHE tipe spiral

Salah satu hasil simulasi seperti pada gambar 12 menunjukkan kontur dari temperatur

distribusi dari GHE dan tanah sekeliling pada kedalaman 2.5 m.

(a) Laminar Flow (b) Turbulent Flow

Gambar 12. Kontur temperatur dengan potongan melintang dari GHE tipe spira pada kedalaman 2.5 m
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C. Studi Eksperimental tentang kondisi termal tanah

Peralatan pendukung untuk studi eksperimental dilakukan di laboratorium Energi Terbarukan Program
studi Teknik Mesin Fakultas Teknik Unhas Gowa.

Peralatan dan Alat ukur sebagai berikut:

A _
a?, Yis 40 4

|

13
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D. Setting Peralatan Uji di Laboratorium Termal Saga University Japan
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E. Special L ecture Saga University Japan
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F. NEDO Conferencein Tokyo Japan
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BAB V. KESIMPULAN

Pel aksanaan penelitian tahun ke-1 dari periode penelitian selama 3 (tahun) untuk mengembangan sebuah
GHE tipe spira yang baru telah dilakukan di Laboratorium Energi Terbarukan Program studi Teknik
Mesin Universitas Hasanuddin. Studi tentang beberapa faktor terkait pendesainan GHE tipe spira
dibandingkan dengan beberapa tipe GHE dengan beberapa kondisi operasi seperti pengaruh temperatur
inlet air dan kedalaman tanah. Selanjutnya, pengembangan GHE tipe spiral dengan kedalaman yang

rendah dilakukan dengan berbagai varias kondisi operasi dan konfigurasi.
Tahapan penelitian yang telah dilakukan antaralain :

1) Anadlisis berbagai faktor yang berpengaruh terhadap GHE tipe vertikal dengan simulasi numerik
untuk mengetahui pengaruh temperatur inlet air dan pengaruh kedalaman borehole.

2) Anadisis peformance GHE tipe spira yang dipasang pada kedalam rendah dan menyusunnya
dengan berbagai konfiguras serta membandingkan dengan tipe konvesional.

3) Pembuatan dan persiapan studi eksperimental tentang kondisi termal tanah.

Simulasi tentang GHE tipe spiral pada berbagai kondisi dan perbandingan dengan tipe lainnya telah
dilakukan. Beberapa peralatan pendukung telah disiapkan untuk mendukung penelitian ini. Beberapa
kegiatan yang telah dilakukan terkait kerjasama penelitian dengan peneliti mitra sebagai output pendlitian
antara lain : peneliti mitra telah berpartisipas sebagai keynote speaker pada ICESNANO 2016 Solo.
Penulisan jurnal paper internasional telah di submit ke Journal of Engineering Science and Technology
(JESTEC) terindeks Scopus. Hasil penelitian ini juga diseminarkan pada “The 3" International
Symposium on Smart Material and Mechatronic (ISSMM) 2016 dan internasional conference lainnya.
Hasil pendlitian tersebut yang didiskusikan pada ISSMM Conference 2016 akan ditingkatkan untuk
disubmit ke Jurnal Internasional Scopus: Journal of Mechanical Engineering © 2016 Faculty of
Mechanical Engineering, Universiti Teknologi MARA (UiTM), Maaysia. Selanjutnya, aktivitas
penelitian internasional telah dilakukan pada tanggal 23 s/d 29 Oktober 2016 dengan diskusi hasil
penelitian dengan international partner di Saga University Japan (Prof. Akio Miyara & Dr. K Kariya).
Diskusi hasil penelitian dan eksperimental set-up untuk pengujian sistem GSHP di Saga University serta
penyusunan skenario penditian tahun 2017 telah dilakukan. Peneliti mitra juga telah sepakat untuk
memberikan kuliah khusus dan menjadi pembicara kunci di Universitas Hasanuddin pada bulan
November tahun 2017. Special lecture terkait perkembangan penelitian juga telah dilakukan pada tanggal
26 Oktober 2016 di Saga University Japan. Hasil penelitian yang telah dilakukan bersama dengan
international partner dipresentaskan pada New Energy and Industriad Technology Development
Organization (NEDO) Japan di Tokyo padatanggal 28 Oktober 2016.
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Abstract
Three kinds of vertical-type ground heat exchangers, U-tube; double-tube: multi-tube, and two kinds of
horizontal-type ground heat exchangers. standing Slinky: reclined Slinky. were experimentally and
numencally investigated in order to clarify their heat transfer charactenstics. Experiments and simulations
were carried out under rwo operation conditions which are continuous operation mode and discontinuous
operation mode and effects of temperature recovery and thermal storage on the heat transfer rate were shown.
Differences of the heat transfer rate between standing Slinky and reclined Slinky were also indicated.

Kevwords: Ground heat exchanger, Vertical, Horizontal, U-tube, Double-tube, Multi-tube, Slinky-mbe

INTRODUCTION

Preserving the environment of human life is not only the surrounding problems of our living place. As well
known. deceleration of the global warming is an urgent task to all over the world. Therefore. many kinds of
measures are being conducted in all the different fields. such as industries. transportations. buildings. domestic
houses, etc.. to reduce emissions of carbon dioxide and the other greenhouse gases. In the field of air-
conditionings. researches and developments for next-generation refrigerants which have low global warming
potential are concentrately being conducted. And, high efficient systems are also actively investigated for
energy saving. Ground source heat punip or ground-coupled air conditioning are getting attention because of
their low energy consumption operations, Use of the ground source heat was mainly developed for heat pump in
cold area because temperature of the underground is higher than that of ambient air. Recently, the use in warm
area is also attracting attention. In the summer. the underground temperature 1s lower than the ambient
temperature, and the energy consumption of air conditioner can be reduced. Expanding the use of underground
thermal energy will be a promising measure to prevent the global warming.

A problem preventing the use expansion is the cost 1o install the ground heat exchanger. Unknowns of
ground heat exchanger characteristics are still remained. And. improvement of the performance is desiered. In
the present study . various kinds of ground heat exchangers are studied to clarify their characteristics and
performance.

EXPERIMENTAL AND NUMERICAL METHOD

Three kinds of vertical-type ground heat exchangers and two kinds of horizontal-type ground heat
exchangers was tested experimentally and numerically.

Figure 1 shows the vertical-type ground heat exchangers. Steel pipes. which are used as foundation pile for
houses. were buried in the ground at a depth of 20 m. and used as boreholes for the GHEs. The U-tube and
multi-tube GHEs were inserted in the steel pile. and the gaps between the steel pile and mbes were backfilled
with silica sand. The U-tube is a polyethylene pipe with an outer diameter of 33 mm. The multi-tube is a
polyvinyl chloride pipe with an outer diameter of 20 mm as the central pipe and four polyvinyl chloride pipes
with outer diameters of 25 mm placed around the central pipe. The central pipe is the outlet mbe and the four
pipes around the central pipe are the inlet tubes. The outlet tube is insulated to protect the heat exchange process
from the inlet tubes. In the double-tube GHE. a stainless steel pipe with an outer diameter of 139.8 mm is used
as the inlet tube of the GHE and a polyvinyl chloride pipe. 48 mm in outer diameter. is installed inside the
stainless steel pipe as the outlet tube,

Figure 2 shows the horizontal-type ground heat exchanger. Slinky loops in two orientations: reclined
(parallel to ground surface) and standing (perpendicular to ground surface) were installed as ground heat
exchanger. Material of the Slinky loop is cupper tube coated with low-density polyethylene (LDPE). The loop
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Abstract

Thas study investigates thermal performance of vertical ground heat exchangers
(GHEs) with different inlet water temperatures and borehole depths. The
performances of three types of GHEs namely U-tube, double-tube and multi-tube
GHEs are evaluated by numencal method using a CFD code. The simulation
results show that heat exchange rates per umt borehole depth mncrease mn the
cooling mode and decrease n the heating mode of 3.4 W/m for U-tube, 5.7 W/m
for double-tube, and 3.3 W/m for mulfi-tube with increasing of 1 °C of the
temperature difference between mlet water and ground. In addition, mereasing the
depth of vertical GHE lowers the heat exchange with the ground. By companing
with 20 m depth, the heat exchange rates per umt borehole depth lower of 32.5 %
m 60 m depth, 47.9 % m 100 m depth for U-tube GHE and 29 % in 60 m depth,
42.7 % 1n 100 m depth for multi-tube GHE, respectively.

Keywords: Thermal performance, Different inlet water temperatures, Different
borehole depths.

1. Introduction

Recently. using environmentally benign energy source such as geothermal energy
provides a challenge to make it technologically attractive and cost effective in
applying for space heating and cooling in residential and commercial buildings.
The geothermal energy source is categorized based on ASHRAE [1] for using in
high-temperature ¢lectric power production: > 150 °C. intermediate and low—
temperature direct-use applications: < 150 °C, and Ground-source heat pump
(GSHP) system applications: generally < 32 °C. The GSHP system has been
widely used in engineering applications for space heating and cooling.
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Nomenclatures

cp Specific heat. Jkg K

K Themmnal conductivity, Wim K
L Borehole depth. m

i Mass flow rate. I'min

o Heat exchange rate, W

0 Heat exchange rate per unit length. W/m
T Temperature. °C

% Leg spacing, m

z Depth. m

Greek Symbols

AT Temperature difference. °C

Pl Density. kg/m’

Subseripts

i nner

(o] outer

PE Polyethylene

PVC Polyvinyl chlonde

Several factors such as local conditions, ground heat exchanger (GHE)
parameters. and operation conditions contribute significantly to the thermal
performance of the GHE that used in the GSHP system to exchange heat with
the ground. Analyzing the GHE performance in those conditions is needed to
provide an accurate prediction of the performance in the GSHP system design.
A number of studies have investigated the GHE performance in various
backfilled materials. concrete pile foundations. and configuration shapes [2-5].
Experimental study of thermal performance of three types of GHEs including
U-tube. double-tube. and multi-tube types installed in a steel pile foundation
with 20 m of depth had been carried out [6]. This study reported the heat
exchange rates of the GHEs in 24 hours of continuous operation with flow
rates of 2. 4, and 8 Vmin and the effect of mcreasing the flow rate. The heat
exchange rates increased significantly for flow rate increases from 2 to 4 l/min.
but only slightly changed from 4 to 8 Umin. The performance of the GHEs
has been also investigated in different operation modes [7]. Operating the
GHEs with different operation mode shows the different characteristic in
their heat exchange rates. The off-time p:rlod in the discontinuous opcranon
and extracting heat from the ground 1in the heating process m the
alternative operation mode contributed significantly to the increasing the heat
exchange rate.

Esen et al. [8] investigated temperature distributions in the borehole for
different boreholes of 30. 60, and 90 m. Furthermore, heat exchange rate of the
GHE with considering the effect of running time. shank spacing. depth of
borehole. velocity in the pipe. thermal conductivity of grout. inlet temperature
and soil type was evaluated by Jun et al. [9]. Variations of inlet water
temperature and borehole depth are important factors to the thermal
performance of the GHE. Different conditions of ambient climate. space
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Fig. 7. Average heat exchange rate with various borehole depths.

5. Conclusions

Heat exchange rates of the several types of vertical GHEs were investigated with
different mlet water temperatures and various borehole depths. Following
conclusions could be drawn from this work:

» Temperature difference between the circulated water and the ground

swrounding the borehole affects significantly to the heat exchange rate of the
GHEs. The heat exchange rates proportionally inerease in the cooling mode
and decrease in the heating mode with the temperature difference between
inlet water and ground. The variation rates per unit temperature difference are
3.4 W/m for U-tube. 5.7 W/m for double tube. and 3.3 W/m for multi-tube,

The water temperature change between the mlet and outlet does not merease
as much as inereasing the borehole depth.

Increasing the depth lowers temperature difference between circulated water
and surrounding ground and then lowers the heat exchange rate. By
comparing with 20 m depth, the heat exchange rates per unit borehole depth
lower of 32.5 % in 60 m depth. 47.9 % in 100 m depth for U-tube GHE and
29 % in 60 m depth. 42.7 % in 100 m depth for mult-tube GHE.
respectively.
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Abstract—The use of geothermal energy has been recognized as
a possible solution for reducing emissions. This encrgy source is
as environmentally friendly energy source with wide range of
applicability such air conditioning and hot water heating. A
ground heat exchanger (GHE) is used in the air conditioning
system to exchange heat with the ground. This study present an
investigation of thermal performance of short-spiral tube ground
heat exchanger (GHE) buried in the 5 m depth. The performance

of this GHE is investigated by numerical method using CFD code.

The performance of the spiral tube GHE is 47 Watt per meter
borehole depth in laminar flow and 65 Watt per meter borehole
depth in turbulent flow. Comparison between the spiral-tube and
the conventional U-tube GHEs shows the possibility to reduce
borehole depth and installation cost. Using the spiral-tube GHE
can reduce the borehole about a half compared with using the
conventional U-tube GHE. Short spiral-tube borehole depth can
be arranged in series and parallel configurations to meet the
needs in the application.

Key Words—Ground heat exchanger, short spiral-tube GHE,
performance.

L. INTRODUCTION

The ground source heat pump (GSHP) system is a
promising technology for cooling and heating building in the
world with wide range of applications such as for space
heating and cooling, hot water supply and applications in the
agricultural field. The well-known application of the GSHP
system is for space heating and cooling in residential and
commercial buildings. In the hot weather like Indonesia, the
GSHP system is used for space cooling as an air conditioning
system as known as ground-source cooling system. Operating
the GHEs with different models and various conditions shows
the different characteristic in their heat exchange rates [1, 2, 3,
4, 5]. Experimental test of the ground-source cooling system
in hot weather condition such Hongkong [6] and Tunisia [7, 8]
have been carried-out.

Ground heat exchanger (GHE) is used in the ground-
source heat pump to exchange heat with the ground. The
spiral-tube GHE is gaining interest in recent years. Analytical
solutions of spiral coil ground heat exchangers have developed

29

by Man et al. [9], Cui ct al. [10], Man et al, [11] and Li and
Lai [12]. The classical approaches, i.e. the line heat source
maodel and the “hollow™ cylindrical heat source model, are no
longer valid for thermal analysis and design of the GHE with
spiral coils in foundation pile. A “solid” cylindrical source
model has been developed with considering the radial
dimension and the heat capacily of the borehole or pile [9].
Cui et al. [10] developed the ring-coil source model with
taking into account the discontinuity of the heat source and the
impact of the coil pitches. However, this model does not
simulate the heat transfer of fluid circulating inside spiral coil
pipe. A spiral heat source model has been developed for better
thermal analysis by Man et al. [11]. Comparison study of
helical GHE with triple U-tube [13] and double U-tube [14]
GHEs were carried out. It is found that the helical GHE
provided better thermal performance than others.

Various models of spiral-tube GHEs installed in a borehole
and concrete pile were simulated [15, 16]. Heat exchange rate
and pressure drop along the pipe as an important parameter in
design of the GSHP system are discussed [17]. Determining
the distance between GHESs (spacing) becomes as an important
issue. The effect of distance between vertical helical GHEs on
the heat transfer rate (HTR) is studied [18]. An optimum
design of horizontal ground heat pump systems is investigated
for spiral-coil-loop heat exchangers [19].

The performance of spiral-tube GHE provides a better
thermal performance compared with others GHEs. Reducing
the borehole depth is attractive economically due to reducing
installation cost. Using more than one short spiral-tube GHEs
provides the possibility for reducing the borehole depth of the
GHE. This work present an  investigation of thermal
performance of short spiral-tube GHE and comparison with
the conventional U-tube GHE.

II. GrOUND HEAT EXCHANGER SYSTEM

The schematic diagrams of the conventional U-tube and
spiral-tube GHEs are shown in Figure 1. Polyethylene pipes
were used as the tubes of the GHEs. A U-pipe is inserted in the
borehole and buried in the ground atadepth of 5 minthe
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Fig. 1. The schematic diagrams of the conventional U-tube and Spiral- tube GHEs

conventional U-tube GHE. In the spiral-tube GHE, a spiral
pipe is used as the inlet tube of the GHE and a straight pipe is
used as the outlet tube. The boreholes were backfilled with
silica-sand. In addition, the spiral tube was also installed using
concrete pile foundation as shown in Figure 1(h).

111, SIMULATION SET-UP

3.1 Three-Dimensional Model of GHE

Three-dimensional unsteady-state models were built and
simulated using the CFD-code, FLUENT in order 1o
investigate heat exchange from the GHEs system to the ground
around the barehole. The software uses a finite volume method
to convert the governing equations to numerically solvable
algebraic equations. Figure 2 shows the three-dimensional
model of spiral-tube GHE.

(@) U-tube (b) Spiral tube
Fig. 2. Three-dimensional model of Spiral-tube GHE

3.2. Grid and Meshing

Three-dimensional hybrid mesh generation was applied in
the GHE model. Numerical mesh of the borehole and ground
is shown in the Figure 3. The mid-view shown in the Figure 3
(b) is in the cross-section of 2.5 m depth of the borehole and
ground. Meshing around the borehole is shown in the Figure 3
(d).

3.3. Boundary and Initial Conditions

A constant and uniform temperature was applied to the top
and bottom surfaces of the model. Variation of ground
temperature near the surface due to ambient climate effect is
negligible, Initial ground temperature is assumed to be
constant of 17.7 °C. The flow rate of circulated water was set
to 2 Umin for laminar flow and 8 Imin for turbulent flow.

s el

a) Model b) Mid-view of the Model

d) Magnified around the
borehole

Fig. 3. Grid and meshing of the Spiral-tube GHE model

3.4. Heat Exchange Rate

The thermal performances of the spiral-tube GHEs were
investigated by calculating their heat exchange rates through
the water flow. The heat exchange rate is calculated by the
following equation

¢) Top-view of the Model

Q = sirc AT (1)

where m is flow rate, ¢, is specific heat, and AT is the
temperature difference between the inlet and outlet tubes of
circulated water.
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The heat exchange rate per unit length of borehole depth is
defined as the following equation and it is used to express the
performance of each GHEs.

0=0/L 2)

where L is the depth of each GHE.

TV. RESULTS AND DISCUSSIONS

4.1, Temperature Distribution
4.1.1. Borehole temperature distribution

The heat buildup in the ground surrounding the borehole
contributes to the thermal performance of GHEs. Figure 4
shows the borehole temperature distribution at 2.5 m depth of
spiral-tube GHE backfilled with silica sand in the laminar and
turbulent flows. The borchole temperatures increase with
operation time. It is due to the large of rejected heat to the
ground and increasing temperature of the ground.

4.1.2. Water temperature distribution

Water temperatures of the spiral-tube GHEs through the
depth with sand backfill and concrete pile in the laminar and
turbulent flows are shown in the Figure 5. Inlet water
temperatures for the GHEs were set to be constant of 27 °C
(300 K). Water temperatures decrease in the inlet pipes.
Decreasing the water temperature in the inlet pipe is higher
than that of the outlet pipe which the inlet pipe is spiral pipe. In
the laminar flows, water temperature significantly decreases in
the inlet pipe.

oy 30 Turbulent flow:

= Borchole x= 0.1 m; z=-25m
530‘0' - - - Ground x=025 m; z=-2.5m
® Laminar flow:

2298 = = - Horehole x=0.1 m; z=-2.5m
5 Ground x=025m;z=<25m
2 206}

g

g 294

L]

9 1

= 2MF

s

2 20 e

.0 2 4 6 8 1012 14 16 18 20 22 24
Time (hour)

Fig. 4. Borehole and ground temperature
distributions

4.2. Heat Exchange Characteristics of Spiral Tube GHEs

Figure 6 shows the heat exchange rate in the laminar and
turbulent flows of the GHE backfilled with silica sand and
installed in a concrete pile. Heat exchange rate of the spiral-
tube GHE backfilled with silica sand in average is of 46.9 W
per meter borehole depth in laminar flow. In turbulent flow. its

3l
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performance in average is of 64.6 W per meter borehole depth.
Heat exchange ratc in average of spiral-tube GHE installed in a
concrete pile are 49.6 and 68.5 W per meter borehole depth in
laminar and turbulent flows respectively. Installing the GHE in
the concrete pile increases slightly its performance compared
with that of silica sand backfill. It is due to the high thermal
conductivity of concrete pile compared with that of silica sand.
Thermal conductivities of silica sand and concrete pile are 1.4
W/m K and 1,65 W/m K respectively.

Water temperature distributions afler 24 h operation

1 T T T v T
Sand Backfill
1 o = Turbulent flow:
| Inlet pipe
-1k Q cen 0 Outlet pipe =
Laminar flow: 1
E -ir 0 "' Inlet pipe
;‘é 3 > & Outlet pipe
2 4l & e [0S Turbulent flow: ]
i | A Inletpipe ]
Sk . - & Outlstpipe _
L Laminar flow:
6HF ¢ Inletpipe |
: 2 Outlet pipe
oy 1 5 n i i
2985 2990 2995 300.0 3005 3010 3015
Temperature (K)

Fig. 5. Water temperature distribution of the GHEs
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Fig. 6. Heat exchange rate of the GHEs

=
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The cross-sectional temperature contours of the GHE
backfilled with silica sand at 2.5 m depth for laminar and
turbulent flows are shown in the Figures 7 and 8. The contours
of the GHE installed in concrete pile at 2.5 m depth for laminar
and turbulent flows are shown in the Figures 9 and 10. Heat
rejected from the GHE to the ground is not uniform through the
depth and cross-sectional. Water circulates through the spiral
pipe and heat rejected 1o the ground. It causes non-uniform of
temperature contours around the borehole.

33



Jalaluddmn, et al

Proceeding of The 3™ International Symposium ore Smart Material and Mechatromics 2016
Gowa, Indonesia, 15-18 Navember 2016 ISBN: 978-602-60436-0-3

a) Isometric view b) Top-view a) Isometric view b) Top-view

c) Magnified around the borehole c) Magnified around the borehole

Fig. 7. The cross-sectional temperature contours at Fig. 9. The cross-sectional temperature contours at
2.5 m depth for laminar flow 2.5 m depth for laminar flow

b) Isometric view b) Top-view b) Isometric view

CEu b b R W Cm
i?ifz
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¢) Magnified around the borehole

¢) Magnified around the borehole

Fig. 10. The cross-sectional temperature contours

Fig. 8. The cross-sectional ternperature contours at
at 2.5 m depth for turbulent flow

2.5 m depth for turbulent flow
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4.3, Comparison with the Conventional U-tube GHE

Heat exchange rate of spiral-tube GHE is of 47 W per
meter borehole depth in laminar flow and of 65 W per meter
borchole depth in turbulent flow. This GHE is buried in the
ground at a depth of 5 m. Heat exchange ratc of the
conventional U-tube GHE buried in the ground at a depth of 20
m is 24.9 W per meter borehole in laminar flow and 31.5 W
per meter borehole in turbulent flows as presented in reference
[1]. To study the possibility to reduce the borehole,
performances of the conventional U-tube and spiral-tube GHEs
are compared. Based on its heat exchange rate, U-tube GHE
with 20 m depth will be same with 2 (two) spiral-tube GHEs
with 5 m depth. The results show that using the spiral-tube
GHE can reduce the borehole about a half compared with using
the conventional U-tube GHE.

V. CONCLUSIONS

Performances of the spiral-tube GHE are investigated by
numerical method using CFD code. From the results of this
study, the following conclusions are drawn:

1. The performances of spiral-tube GHE are 47 and 65 W
per meter borehole depth in laminar and turbulent flows,
respectively.

2. Installing the GHE in the concrete pile increases slightly
its performance compared with that of silica sand backfilL

3. Based on the performance comparison, Using the spiral-
tube GHE can reduce the borchole about a half compared
with using the conventional U-tube GHE.
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« Thermal performance and pressure drop of spiral-tube GHE are presented.

« Effects of spiral pitch on thermal performance and pressure drop are analyzed.

« Using a spiral pipe increases heat exchange rate per meter borehole depth of GHE.
« Pressure drop per meter borehole depth also increases in the spiral pipe.
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Thermal performance and pressure drop of the spiral-tube GHE were evaluated in this present work. A
numerical simulation tool was used to carry out this research. The heat exchange rates per meter
borehole depth of the spiral-tube GHE with various pitches and their pressure drops were compared
with that of the U-tube GHE. Furthermore, a comparative analysis between a spiral pipe and straight pipe
was performed. In comparison with the straight pipe, using the spiral pipe in the borehole increased the
heat exchange rate to the ground per meter borehole depth. However, the pressure drop of water flow
also increased due to increasing the length of pipe per meter borehole depth and its spiral geometry. The
accuracy of the numerical model was verified for its pressure drop with some pressure drop correlations,
The heat exchange rate and pressure drop of the GHEs are presented. As an example, the heat exchange
rate per meter borehole depth of spiral pipe with 0.05 m pitch in the turbulent flow increased of 1.5
times, Its pressure drop also increased of 6 times, However, from the view point of energy efficiency,
using the spiral pipe in the ground-source heat pump system gives a better performance than using the
straight pipe. The heat exchange rate and pressure drop are important parameter in design of the
ground-source heat pump (GSHP) system.
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1. Introduction

The increase of global warming problem has increased interest
in using renewable energy sources. The ground-source heat pump
(GSHP) system can be the desirable technologies in renewable
energy markets. This system provides efficient space cooling and
heating in residential and commercial buildings. The GSHP system
is a heat pump coupled with a ground heat exchanger (GHE) that
can be oriented vertically or horizontally. The GHE is used in the
system to exchange heat with the ground. It is usually buried in

* Corresponding author. Tel.[fax; +62 411 588400,
E-mail address: jalaluddin_had@yahoo.com (Jalaluddin).

http://dx.doiorg/10.1016/japplthermaleng 2015.07.035
1359-4311je 2015 Elsevier Ltd. All rights reserved.

15—150 m depth in vertical type and laid in the bottom of 1-2 m
deep horizontal trenches.

The design/simulation methods and programs of models and
systems of vertical GSHPs were described in a detailed review [1].
Operating the GHEs with various conditions shows the different
characteristic in their heat exchange rates [2,3]. The performances
of several types of GHEs applied to the pile foundations in actual
buildings were studied by Hamada et al. [4]. Gao et al. |5] also
studied several types of vertical pile-foundation heat exchangers.

The spiral tube GHE is gaining interest in recent years. In this
type of GHE, a spiral pipe is installed in the borehole or building
foundation pile. Modeling of heat transfer of the spiral tube GHE is
important research areas. A cylindrical source model considering
the radial dimension and the heat capacity of the borehole or pile

47



Jalaluddin, A. Miyara / Applied Thermal Engineering 90 (2015) 630637

was developed [G]. Cui et al. [7] developed the ring-coil source
model taking into account the discontinuity of the heat source and
the impact of the coil pitches. However, this model does not
simulate the heat transfer of fluid circulating inside the spiral coil
pipe. A spiral heat source model has been developed for better
thermal analysis [8]. A spiral coil source model was developed to
consider 3D shape and radial dimension effects [9]. Heat transfer
around the helical GHE with varying helical pitch was presented
[10]. Comparison study of helical GHE with triple U-tube [11] and
double U-tube [12] GHEs were carried out. It is found that the he-
lical GHE provided better thermal performance than others.

The effective borehole thermal resistance of spiral coil energy
pile with considering coil pitch, pipe size, pile size and also,
groundwater advection effect on the long-term ground tempera-
tures were evaluated | 13]. The groundwater flow enhances the heat
transfer performance of spiral coil GHE [14]. Another work
considering the groundwater advection effect on spiral coil energy
piles are reported [15-17].

Various models of spiral-tube GHEs installed in a borehole and
concrete pile were simulated | 18]. Heat exchange rate and pressure
drop are important parameter in design of the GSHP system. The
present work investigate the heat exchange rate per meter bore-
hole depth of the spiral tube GHE with various pitches of 0.05; 0.1
and 0.2 m respectively and their pressure drops along the pipe.

2. Ground heat exchangers and its simulation model

The GHE models such as U-tube and spiral-tube were simulated.
A major feature is an analysis of heat exchange rate and pressure
drop of water flow in the GHEs. The schematic diagrams of the U-
tube and spiral-tube GHEs are shown in Fig. 1. The both GHEs were
installed in the borehole of 20 m depth. Inlet and outlet pipes for
the both GHESs, U-tube and spiral-tube, are made of Polyethylene
pipes. In the spiral-tube GHE, a spiral pipe is used as the inlet tube
of the GHE and a straight pipe is used as the outlet tube. This GHE is
performed with three different pitches, p = 0.05; 0.1; and 0.2 m. All
the related geometric parameters and material thermal properties
for the GHEs are listed in Table 1. In the simulation model, ground
around the borehole of GHEs is modeled up to 5 m in radius. The
ground profiles which is similar with the ground profile of Saga city,
Japan [2] consist of Clay and Sandy-clay where from ground level to
15 m in depth is Clay and below 15 m is Sandy-clay. The properties
of the ground are presented in Table 2.

Three-dimensional hybrid mesh generation was applied in the
GHE models. Numerical mesh of the borehole and ground for the
spiral-tube GHE is shown in Fig. 2. The mid-view shown in Fig. 2(b)
is in the cross-section of 10 m depth of the borehole and ground.
Meshing around the borehole is shown in Fig. 2(d). A numerical
simulation tool with computational fluid dynamics software,
ANSYS FLUENT 14.5, was used to carry out this research.

The GHEs models were simulated in cooling mode with constant
inlet water temperature of 27 °C (300.15 K). Initial ground tem-
perature is assumed to be constant at 17.7 °C (290.85 K). This
temperature was similar with the ground temperature of Saga city,
Japan [2] below 5 m in depth. In order to verify the thermal per-
formance in various conditions, the models of GHE operating in
laminar and turbulent flows were simulated. The flow rate of
circulated water was set to 2 L/min (Re = 1900) for laminar flow and
8 L/min (Re = 7600) for turbulent flow.

3. Heat exchange rate
Simulation of the U-tube and spiral-tube GHE models was per-

formed. The thermal performances of the GHEs were investigated
by calculating their heat exchange rates through the water flow.
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Fig. 1. The schematic diagrams of the U-tube and spiral-tube GHEs,
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Table 1
Geometric parameters and material thermal properties of the GHEs.
Parameters Value Unit
Inlet and outiet pipes of the GHEs, U-tube and Spiral-tube (material:
Polyethylene)
Outer diameter, d, 0033 m
Inner diameter, d; 0.026 m
Thermal conductivity, keg 035 W/(mK)
Specific heat, cp 2300 kg K
Density, p 920 kg/m?
Leg spacing of U-tube, x 0.02 m
Pitch for spiral-tube GHEs, p 005;0.1;02 m
Spiral diameter, D 0.1398 m
Grout (material: Silica sand)
Thermal conductivity, keroue 14 W/(m K)
Specific heat, cp 750 kg K
Density, p 2210 kg/m?
Table 2
The properties of the ground.
Parameters Value Uinit
Clay (temperature: 293 K; water content: 27.7%)
Density, p 1700 kgfm*
Specific heat, cp 1800 Jkg K
Thermal conductivity, ke, 12 W/m K
Sandy-clay (temperature: 293 K: water content: 21 6%)
Density, o 1960 kg/m®
Specific heat, cp 1200 Jkg K
Thermal condudtivity, Ksandy-cay 21 W/m K
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friction factor (=)

GHE ground heat exchanger (—)
GSHP  ground-source heat pump (-)
k thermal conductivity (W/m K)
1 pipe length (m)

L power input (Watt)

m mass flow rate (kg/s)

p spiral pitch (m)

dp pressure drop (Pa)

Q heat exchange rate (Watt)
Re Reynolds number (—)

aT temperature difference (K)
% fluid velocity (m/s)

v volumetric flow rate (m?[s)
X leg spacing of U-tube (m)
Subscripts

0 outer

i inner

P pipe

PE polyethylene

5 straight pipe

¢ curved pipe

cri critis

c cooling

H heating

comp  compressor

pump  pump
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