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Solar Thermal Energy Storage in Rock Fills
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Abstract

The objective of this research is to assess the efficiency of solar thermal energy storage
system using basalt fills. The proposed system (sometimes known as solar collector) is designed to
operate without external electricity, as it is intended for poor people in remoie areas who have
suffered from severely cold weather during winter. The concept is that during the daytime the solar
energy is collected and stored in basalt ballasts filled in a pit. The surrounding soil and acrylic
sheet cover are used as insulator. The thermal energy is then released to warm up housin;g-through
a system of tubing during the night. The research effort includes (1) laboratory determination of
thermal properties of ten rock types that are widely exposed in the north and northeast of Thailand,
(2) construction of a scaled down model for the storage system and housing to monitor the
temperature change at various system components, (3) derivation of a mathematical model to
compare and calibrate with the monitoring results, and {4) development of a design guideline for an
ease of actual application in any specific area. Burirum basalt is selected for testing in the scaled
down model, as it poses highest thermal conductivity and specific heat. Monitoring results indicate
that throughout the night the storage system can increase housing temperature from 4 to 6 Celsius
higher than that of the surrounding, depending on the basalt packing density, tube sizes and
surrounding temperatures. The proposed design guideline calibrated from the actual measurements
can provide recormnmends on the most suitable solar collecting area, depth of rock pit, rock packing
density, and tubing sizes while considering the available rock types, volumes of room to be heated,

and the desired temperature increases,
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Solar Radiation

SRR

Salt Solution Surface Wave Suppressor

Fresh Water j ¢ Pond Surface
3, Y
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Thermal Energy Storage of Solar Energy

Thermal Chemical
|
] l i i
Thermal
Sensible Heat Latent Heat Chemical Heat of Heat
Pipe Line Reaction Pump
Liquids | Solids-Liquid
Solids — Liquid-Gaseous
— Solid-Solid
Generic category Sensible Heat
Containment . Bulk
Storage Durations Short-term Long-term
Rock Bins Aquifers
Technologies Earth Bods Solar Ponds
Water Tanks Large Tanks or
Ponds
Earth or Rock
Beds
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31 1.24 JedufinadogarauiAnmsduanudouvediiu (Department Angewandte

Geowissenschaften und Geophysik, 2006)
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) iy =Y (=Y v =Y =9 1 v
Maaf L1 agilgeaniinsdugavgivesiudaiivaziuul sriiaaie q (doyann

Department Angewandte Geowissenschaften und Geophysik, 2006)

Thermal Conductivity Specific Heat
Rock Type
A, (Wm'K") ¢, (kikg ' K)

Granile 1.12-4.45 0.25-1.55
Granodiorite 1.35-3.50 0.74-1.26°
Syenite 1.35-5.20 N/A
Diorite 1.38-4.14 . 0.88-1.17
Gabbro 1.59-4.05 0.88-1.13
Peridodite 2.30-4.85 0.92-1.09
Pyroxenite 3.30-5.14 0.88-1.21
Dumite 3.53-5.14 0.59-0.80
Diabase, Dolerite 1.38-4.30 0.75-1.00
Andesite 1.35-4.86 0.81-0.82
Obsidian 1.38-1.56 0.96-1.21
Basalt 0.44-5.33 0.54-2.14
Lava 0.20-4.60 0.67-1.38
Pumice ' 0.25-0.50 N/A
Quartzite 2.33-7.60 0.71-1.34
Eclogite 2.31-3.50 N/A
Amphibolite 1.35-3.90 1.06-1.20
Gneiss 0.70-4.93 0.46-1.73
Marble 1.59-4.00 0.75-0.88
Homfels 2.12-6.10 1.47-1.48
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Thermal Conductivity, A (Wm'K')
0 2 i 14 6 8

[ Amphibolie |
.. Marble™

Igneous and Metamorphic Rocks

" Dunite -

: I “{Eclogite

B Pumice
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Sedimentary Rock

517 1.25 nffouenmimahnnudeuunsfiusiina1s q (Aaudaden Department

Angewandte Geowissenschaften und Geophysik, 2006)
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Specific Heat, ¢p (KJ kg'K™)
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mM3an 1.2 aglguaudanidmgungivesiu (Foyai1n Suadberg, 1998)

Thermal Conductivity Specific Heat

Soil Type a1 A, 5

2 (Wm K) e, (J/m K ') x10
Clay with high clay content 0.85-1.1 3.0-36
Dry crust clay 11--14 26-30
Silty clay 1.1-15 29-30
Silt 1.2-24 24-33
Sand, gravel 1.5-2.6 25-32
Till 1.5-25 22-30
Sandy till 06-18 1.3-19
Peat 0.2-05 0.7-32
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Specific Heat, ¢ (KJ kg'K™)
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AT ALY 180 NN EIAERNS (Mathematical model) Wun1sans g
Ao w (d‘l o :‘l . =y =y o r
nguRiiingilszasmiasuonmsnldsuulasgungivesiuon oamanwluiefiegluszuy
a =1 or i o u’)’ a i 3 ar e o ]
Safunday tazermatutiudiass smiusiwen lduad v duRusseninennu
1 oy 9/ Y= 5/ = =Y g v = 3/ &
unnAYeIguv i lut ududuiadey USuiuvesiuounld uazdsuinsiig oy
s o ¢ o 1 o ¥t = A s
armduiuissnamezihun FlumsesnnuulFunavesiuouldmuizaususuave iy
- ¥ Ay s o 3 ' .
uazguugi Inthuiidons eI IALgUMNanans (Thermodynamics) Hag
] o 4 = a ot o [
NITEMAL3eY (Heat transfer) gpiinnlfiosfuiengdny suvesssuuimnundsnuune
Y o o Ayaw Y Y a ¢ A o yﬁ A e 0
thusines veligise laaseeeuiaees lUsunsumethui lniluaiosless lums s

waziimsntuannnugsu laveadulsuaazdidne

J 1 kg
41 QUUNAMTATUALNITNNNANNIOH

at . k1 o = o [ W ¥ r

FUuVUNEI (Form of energy) n3sumas lu landindaunsodwun1d 2 s
o o a . 1 ar o« . . e
AD 1) WA IUTZTAVUHAWNIA (Macroscopic form) Taun wdameay (Kinetic energy, KE) ning
L% v w w o :

anavsaszaua g luauuuss Tfude uazwdeanudng (Potendal energy, PE) Faifu
wiinudwilsannnnavesmsindeuilofoudiunudi9ds uaz 2) nasUTZAYIANA
(Microscopic form) 1AuA w&391n10 11 (nternal Energy, U) Futluwdsamluszaulana

(Cengel, 1997; p.10) Taofindsnusmvpaszuy (B) annsodon 1oy lugfaunis 1Ad il

2 Z
mv v ]
E=U+KE+PE=U+ +mgz =m {u+ — + gz), HUWKkJ (4.1}
2 2
HID m A9 UIAUDITSUY (MU kg)

2 =3 A = o 1
v fe anunSi lumandounve s sz uy (MU0 ms)
u Ao wdsnunwludenilaniiouda (Mo kike)
= T ¥t ' z
g fo anusutosnnauius 1iun1wes lan (MU0 m/s’) uag

[ ¥ = 1
z A0 ANUTIVINIAD WO (MU0 m)
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v

wasr luszauuinamauazganiail liauinatemdiuveuve (Boundary) Y03

Y 1 ar = A A 3 o/ [T
FEUU llﬂ ng‘]iJ‘Wﬁﬂﬂ"l‘L!@ﬂg‘lJLL‘]J"]J’HHQV]'LT'I?J']?E]ﬂ"lfJW'ISU'”J“U@‘ULﬂjﬂﬂ]ﬂﬂigcﬂ‘ﬂ]‘lﬂ G]i\‘uf]u

cf:ia .3 c;o ar e 9 1] g A = T
ﬂimgmsmmﬂﬂwmmxwmmmmﬂnmmmﬂmnnuu (Boundary phenomena) H94N 130780

[ @ 3 a

WHINUNIMVBUVAYDITZUY JAuD Was9uaNuiou (Heat, Q) uazau (Work, W) (Cengel,
2003; p.9) Amsomasamanudeulumemenmruisautaii 3 Ysznm As maima
Fou {(Thermal conduction} NTHIA Mudou {Thermal convection) paznITURSIEAINI o

(Thermal radiation} {Cengel, 1997; p.85-88)

4.1.1 maimnuden

msdwmanufeudunsdidndinunneymafiinienugand lUdeyna
findanudnd ndrouiiduiussunsadeuids Wiy (Random motion) 1AgA3
Fuamifouvealuona Taohi lmanafiflgamgiigeasindngs WAIUILYP NI INMG
nagnufuvesTuana &1 Tumnafigamgiaietu (Temperature gradient) Wi ufigndad o
Aowdsanaudon uaznszUIumMIsInanGend maiaideu (Cengel, 2003, p.17-18)
nmsfi lwanavosnwdegiatunnniweuwasisdwalinshar fewialuvewmds

Tdunanveunainsauna dmsudasmamomanuionlu 1 198 snsosinlasn

. AT kA
Q@ =kA—=—(1,-1,) (42)
Ax L
d' * = @ t Sf o y .
8T13] Qe fin dnsnsmimaANuYsou laemsimnuiou (MU W)
=] ] a 5 a d‘ 9/ A’l ci 1 T
k A9 A1INTHIANN5IUVAIAINDINATINFOUADDUTHIY (HUIY W/m.K)
P G I s o ‘ ' 2
A Ao Aulinthdanauyou lvaru (1ide md)
T Ap gaunnl (MW K)
xuazr L A0 520EN1I0IAINEINANNTaMAAURMIY (MY m)
T, fio guuguszutuusafinwiownasuiiniu (Mo K) uay
=l n:i as e c; 1
T, Ao gangifiszuuda lduszoema Ax wio L (Gaeii T, > T, 11w K)

4.1.2 MIWIANIOU

msthomanudouTasnismanudeudesmdodinareiidiuueslva aszuaums
Aananawisaudaeenldiiu 2 dnvae fis MswIAIWSeUUTINEASE (Free convection) UAY
MININNNTOULDVTIAD (Force convection) Taonta 2 Snyaiza el aunsdmsumsas g
w1mm%’auﬁagﬂugﬂmmﬂgﬂmguﬁamaaﬁaﬁu (Newton’s law of cooling) (Cengel, 2003; p25-

26) FaflgUaumaih
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annv = HAS(TS -HTDO) (43)
Y . 4 o t v [y '
o Qcom, fla i’]@1‘i'!ﬂ”l'3ﬂ1EJLTT!"]'Jﬁ.l‘i'iluiﬂtlﬂ?ﬁ?ﬂﬂ’ﬂuﬁﬂu {(HU28 W)
— - @ o af = . =
h fa duilsz@nEmInIATUToWNTY (Average convective heat transfer) 1
Aydudaszrinves manudng (M1 WmK)
= g :;n ! o Q o 1
A, A AuRRvesIngAduAaiLYesIna (M m)
 fie gavgiiimveding (W K)
-~ =% = d‘. Py a ow ]
Te Ao guvgiivsivasvadassnegvnenn lnnriinguing (M1s K)

413 mMsuHIanuTou

! LL Tor A b 1o 9/ = o w
msmemanudou Tasnmsudsadanudou luduiudvefidinmaas nasnuany

9t [T | g A = & t o e o 1w o
Fouvnmsuiseiiusznaeui W lugdvesaduuiman i nliamiamduanuives
b 1 ¥
Hara (Cengel, 2003; p27-29) MTMITAIIAMIUATIRAINS DUGNTsEHIIRURIA1 (TuFesh

o

w3 " o o4 - v = e 3 w = oo B
FgouuIN 801 lsRAnsAmANTinuves lumal fiadudninenudnsinsuanldougns

1 5 a oo s 4y = a o 3 qc:’ LA )
sevafuAudng Auieuiivnalvgsenseunguian 1idanue lunsditinsdaniessd

2 r
anufougniszn vy wadendiuan lAnn

. 4 4
Qrad IGSAS(TS —TOO) (44)

[

1ifo Q. 7o A5INTNIMNANN oUIINNITURS I (M1e W)

= J

J R o o s = 1 e
o Ao ArnanaanIu-luansgdul {Stefan-Boltzmann constant) HAUNINL

5.67x10° Wm' K’

e AD AINMIUATH (Emitance) v09Tagun finwidudasidiuvsennuiou

vinn1sursduesiagmiduiagdulielgavigiminu (1 <e < 1)

4.1.4 MIWIANUTOUMUEITNYN
A 4 A . 4
munAsuivoved Inadlssnnussesedaluvesmadunaio suananu
3
wanaavaInNuruIniu luvealva (Density gradient) HAZATIULANATIUDIATIUHULELUL
b3
Aannanuuandisvasgurgil luaedva mawianudeudioms vasdatiGondr mMaw

ANUTDUMUBTIUB I {Natural M50 Free convection) (Cengel, 2003; p466-467) FHIVIZVUAY
1

aw dy = o ar ras = oo Y 2
auluani3iei du IR fuwdenuanuieuniamsuns@vesntsemind alaamgigein 1u

a
=

= Y o =3 ] qw A o ¥ =4 .d’i" @
vazAoadunudoulunreduazsism Ieinislassey Fai ldenaliguuniigaiuday
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k
h=| o N (4.5)

o s

Qs @ o & 1 ' o o
e Nu A9 damaniuies (Nusselt Number) %Qi]?.iuﬂ'lilﬂﬂﬁ'l»‘lﬂu@ﬂﬂllljﬂﬁd"b’uﬂ‘ll’[ﬂﬂ
d? =Y - W S 9 @ w & n =
Wy Tnoiliing Elllﬂmuammﬁuwuﬁmﬂmsmam 19w519h 4.1
: - o o o o 1 3/ 1 o oo
8 fD Characteristic length 999391 ﬁﬂfiSH?@QﬂﬁdﬂﬁnﬁﬁLﬁuWTﬁuﬂﬂﬂNm’lﬂ‘ﬂ

D 22iaunIfY % b wiemunsodenal ldoinaiiien 4.1

4
2 0.589Ra’ ..
JEEN Nu=2+ e (@miviagnaenan) {4.6)
0.469
14| —
Pr
4 A & o o . n, 4
o Ra D TURYUNIDT (Rayleigh Number) < 10 (119 Pr = 0.7)
v e w o = @
Pr A0 WSUANANWUDS (Prandt! Number) YRIDMIALRINA NUAUUT TR
Hauay 0.71 Tugreguuail 0 94 300 B UFATHIA (Raznjevic, 1976)
gB(T -T )6
unz Ra=QGr Pr=—— """ —Pr @7
v
) Gr, fi® Grashof number
v Ap AINNNTHATAMIAAT (Kinematics  viscosity) 19381017 HAUNIN
15.7x10° 89 19.4x10° m'ss  Tus9guugd 20 09 60 osAUTAL T
{Raznjevic, 1976)
B fe dudszdninsvmedmiaanuiouvesstna
p=) T d’ 9 T = roos 2
g A9 Ansaiesinus luanwss Tania unidy 9.807 m/s
. gt -T, B 1 1
TaeH Gr, =—(———2—°°-—)— uaz B= = (4.8)
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1 ar o < a [ a 1 ] af o
ﬂ'lﬁ"l\’lﬁ 4.1 ANPVTUWHUIITINAADITIHTIUAT Nu Lﬂﬁﬂmﬂﬂﬂ’li‘ﬂ’lﬂ'ﬂﬂiﬂ‘ull‘ﬂ'ﬂﬁiﬁﬂﬂﬂﬂ

(Cengel, 1998; p.418)

. Characteristic
Geemetry length 5 Range of Ra My
o 1r-10? MNu = 0.59Ral*
Vertical plate 1G9 o1 Nu = 0,1Ra'
: 116 2
L Entire range Mo =40.875 + 0.387Ra
1+ (0_492@5)9116)3,27
{complex but more accuraie)
Inclined plate Use vertical plate equations as a first
degree of approximation,
L Replace g by gcos@ for Ra< 109
Horizontal plate
{Surface area A and perimeter p) WA= 167 No = 0.54Ra!A
(a) Upper surface of a hot plite 10%-101! Nu=0,35Rs!?
{or lower surface of a cold plate}
Hot surface T,
Alp
{5} Lower surface of a hot plate
{or upper surface of a cold plate)}
18-t Mu=(.27Ra}?
Hot surface !
Sphere 1
) Rag 101 Nu=2+ g.zsgka e TvES
EKD (Pr0.7) (1 + (0.469/Pry oy
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2003; p.582) Taeaerumiiidmiuing 13 auma (Semitransparent) Hanudusiugidu
a+p+T=1 (4.9)
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wazdmsvinghune e luiimsdehusiidanudou (= 0) Anluanuduiutis

aaguhiu
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42  augandanuluszuy
o = o ] =l
szuuames W lawnindanisoutiutly 3 Usuam (Cengel, 1997; p.8-9) v
1) szuvlanieszuuaiuauuia (Close system or control mass) fi 3e1UNNIA
¥ ¥ 3 1
yeams luszuuashinazuramanivezegnoluszyunaoaa) aLiRUMANGINWNITUR
d’ &‘ L] 9 -~ 3
MR UNEINENYSpeBNINTILL IR
A
2) szuuilandelSuminiuny (Open system or control volume) Ao 53UV
r ] ¥ £
PARUASHAINIUA IS A AN T I UVO UV VBUIVHVDITLVULUDT L aWE 80 NAUAT

AIUAN (Control surface)
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Incident
radiation
1,W/m?

Reﬂccted

— Semitransparent
: aterial

Transmitted
1l

A g kg =) 11 ar [
FUN 4.1 dnvazmegzRon MsgandN uaEMIT LN W INLTIWDIIRY 19 (Cengel, 2003)
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Normal
Incident Reflected rays

ray

(a) Actual

Incident

{(b) Diffuse

Normal
{ncident

ray

{c) Specular

3 4.2 dnvazmsazfoudifonuaseniing (Cengel, 1998)
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3) szuulaa@e)  (solated system) A 3zvURNTAs0sTouvoIuIaLaY

o ' w & i d’;n’; [ Y e
wmamszmwﬁxmmumwmﬁ’amaEJ uuﬁaﬁluﬁwm%uumwmmuuazmamﬂumamm

dmsumanldenulasvemdinu (AB) Tuszunida (Open system #30 Control
volume) (317 4.3) Baonmnadouivesuranasndawdmduvovuavesszuy
(Boundary) H38R{36N3 11N (Control surface) NEMMAT VB VIIAVD S53VVTFMMITY
nazwsmalAountaandsamnudouans (AQ) wazmnUivulasauans (Aw) du
manlfsumlamisnuiidannnsmieufivewasiuveuwavesyuy (A8) s

1 ot = td’ é L)
MDA BINA T U T AR (AB,) unzoon (AB ) 11NITUY Gﬁammsm%ﬂﬂﬁagiugﬂ

ot

td

o d =t

ar LY 3w
ANHAURUTAD NYMTOYTNUNEIIU (Cenget, 1997; p.151) TAd
AE = AQ + AW + AD = AQ + AW +29in -Zeom (4.11)

0 o a 9 kY o T A M e = 1
ff"l‘}‘E‘i‘]Jﬂ'IiUTﬂ'J"lﬂJi’f)uﬂ'lﬂclﬂﬁﬂ”l’]:ﬁ‘ﬂfjx‘lkluﬂﬂ“f’l'ﬁﬁﬂl]ﬂ'l‘ilﬂﬁﬂuLi‘ﬂﬁﬁu‘]_mﬂ'ﬂ']’)&’\hl

71907 (Unsteady state} 73015 (4.11) e3500aad 14931l (Sonntag, et al., 1998; p.145)

dE  d(mCT) . . ) .
e =Qr Wi Xm0 ~2al (4.12)
dt dt " o

y . - o T o ;

1D Q A9 BRTINTHIWNAIINION (MU W)
W fo dasnsatemamluizuy muw w)

molay m_ A9 8935115 IMaveawandiuazeeninssuuasvIene (Mg

kg/s)

6, uaz O Ao WALIUIWHOHUNIA (M3 Wikg)

t

2 P4

o . v . v )
Taei Gin =3 h o+~ gz, I WAy Bm =3 h, -r*D“+gz'3 m_ {4.13)
2 2

e humg h, A8 WALUEUNIAI (Enthalpy) doviaorhmind Tnarh
LazeBNINTTUY (MU Jke)
vz,  fn araiatums lnavsaafimadiuasnimenainszun (s mr)
g fo rrunsailosnous Tdudevealani s umfy .807 ms’

ZUBzz, A9 ATNTIDINGAD 189901 MAEN MDD AVDITTUT (MUY m)
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I:: > W_ (+)

JUN 43 masremwd e luszuuala (Open system 136 Control volume)

(AALUUa991n Cengel, 1997)
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4.4  myoomudsnuanudeuluriamnmaiy
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dE . . . .
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