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n1'L~DU1~DS~~Sa~ai~'ULfi1S~~ia1n1fl,au 

B.E.(UNSW), M.Eng.Sc. (Melbourne) 

1. ui'lui 
• I I I '" I '" '" ., 

fi11~u."n"1~;iai~' =~11~ L fi;a~i'Iim1~a1n1f1'BU u.a~ L fi;a.miui'BU i ~I/l TJ 
~'" I I ~ I '" .. 

'IIa~~~ 1UU.11 ~a1~~IIUU u.,lnftHnu;i.rw, =il~!iDB~n1'D 111 L i'Im1~'BU'1nu.1j ~m1)1' BU 
I I I. I ~ I ... .. I... .. 

aa1n1f1;i~fi1ftin1 1a)lU,=il~!i~B~n1'D1!lLi'lfi11~,aU'1nu.H~ft11)1'SUaui fi11)1';~BUU 
• v 

I '" ... • • " 

nl1~'= L ~ululfl n1,1llI'lDS~S1n1fllhiL ~UftB~ L~Un1,1~I'ILWU1rUtl.U (Turbulent) 1l11J 
I... I" '" I '" '" 

L~ftIjI'lSULft!l1nU 'U'1~i'lU1ft~~DB~i'IBI'I)lUUUuBlJnUHBBnLWU'=LaBnLTJ 
,,, v " 

I .... II I I ... $.I I 

fl11)1~ 1!llun1,u~ftu.I'I~' 1fl1u.a 1 tlnft.~ulJ~'l TJ~U1i~,tla L i'lftlJ)lHUU 1 n1'Li'lDU1ftDS~i'lBI'I)I 
v I.. ~" ... . " "'. ... ...... 

a1i'1'ULfl'B~i'l1S1n1f1'SU'IIa~~1Uu.a~a1i'1ftlJ~LHU ~ u.a1BBn'~~1IJB~)l1n ~ ~BBnLWU'~ 
." II". .."" "I' 

tI,~aunUtiOm1~u.i'I.;~nftBLUB1~L;)Ii'Iin11BBnLWUu.1'I1Li'l1UU Ui'lft11)1U~'~~i'I)l1~.~ui 
• • • 

I I... , 

L I1UB u.u 1i'11~1 un 1'BBn LWUi'lBI'I)I'l U L ft1 B ~i'I ia 1n1f1, BU'llI'l~~~ 1UIW ~B 1~ftlJ 

~ ~ .. . ~ 

2. ~~I'I'11U:l1Ua1~'un1'BBnu.uu 
II "... I , 

aUflUu.'na~ HasnLWu.i\~u.~ftB~i'I'1UDB)laLnIJ1nUtI;)I~a~~1Uu.a~B1~ftlJ • • • 
'" ... I I I .. " I " 

'luu; L .m1¥tB~n1,.='l TJL fl;S~ L Ua~'1n 11'11I'1~H1UIW ~B1MftIJUUL tlftlJUu.tIa~9IaB~i'I~~jj i~!l 
, " ... ........ .. I.. I 

i'I~,1tlu.I'I'HaSnLWUfta~ L aan'l TJDil)lI'lDa~tI;)l1LWI'I~H 1UIW~a1\1ftlJ L HB 1.t1ii'l,un1' L tlftHU • • 
" .. ......... I I.. , I I 

U.tll'I~Uft11J i'I~~u;uslJnul'lum~w~~1uli.~'lTJ ftl'laft.ufln)l.iL~UB!l1~aU L TJu • ... I.." .. .... ... ... ... 
~1Ufl11)1,aU (Thermal Storage) i'lS1 •• ~fta~)I UBn'1nUu.I'I"1IJa=LSIJ~DB~n1,aan 
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, ~ .. . 
7. l1filnB~(filB~~lElnlfl1EU 

, , ~ 

1~~)ltlnl1U1U(~fi'l~lEU1~UBlflUnl'~lWUUU~~U (Forced Convection ) 
~ , 

lU fully developed turbulent flow al~l'Q~~Ui~l~tifi'l~{UWUnlu,tlnE ~ 

NU = cJfe ?r • ••••••• (1 ) 

I I I .. I , I.. I 

~~filfi~~ C, m, ~a~ n, '~~E~~1~1'lnnl1~~au~ EU1~i,nft ai~1u~a~UMuliftIUUa 
I .. ... I .. .., ..,.. ... , 

(~~U~HUUl lfiUU~lU~U~un~il~lvU Charters (1) ift~U~Uil~lDft'l~{UWU6 

( " 0 . 7) 

• 

Nu = 0 . 0182 
0.8 0.4 

Re Pr 

0.8 
Nu = 0.0196 Re 

1/3 
Pr 

• •••••••• ( 2 ) 

• •••••••• (3) 

I I I I II .. ... 

a~nl1 (2) ~a~ (3) ftl~n~U~filft~~ C ~a~ n lU~~!a~nl11Da~nl1~~aa~u 
, , .. 
!~fil!E~ Prandtl number 

~ ~. 

Illal~11Q~a~~1~I~ul~'1 
, , 

a~nl1 (2 ) 'l~fiUv~ Nusselt number ~lnn'la~nl1 (3) tll~~1QI 5 (tlaH'ilufi 
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~ ~ 

ft11~;U~ft (Pressure drop) al~l'D~ltft~ln 0' Arcy formula (3) ~~U 

II P = 
4fLV2 

2g0 
e 

• •••••••• (4) 

I I '" ~ 

l~ml f fia friction factor ~~al~1'D~11~~lnftl1~1~~uD 

f = 0.079 

ReO. 25 
a'miiJ re

crit 
< Re < 50,000 ••••••••• (5) 

Sol ~ I ...... 

.. 1 .Y.~" 'l'l ~,a~l ~~lnft11~~~UD ~~ Nile et al (4) UU~ ~ n 

f = 
0.262 

0.2 
Re 

• •••••••• ( 6) 

I ." '" 

Lua~~lna~nl' (6) 'l~ftl f ~lnn,la~nl1 (5) ~~~~~i'l~ 

... '" ,. " 
'l UlJ 1 ~m~~Haan LWlJa l~~~aU 'l ~a!Jln~ ~~, llJftl1Ja ~n i~v~~lU~'l ti'l Unl1 ~~alnlfl • • 

• I " .. '" 

(Pumping power) ~lnn11ft'l~;U~ft ~~~~aa~n~ft'l~~UDnUft~u 

P=mgllP • •••••••• (7 ) 

It" ., I....' 
'lU~l-nJ~lJft~lt1iH LIP ~~~ft1Ua!J~ln U~~~Ua!l~ln u~~~~a~t~~~'l ft1 LIP 'lu 

~, , , , , 
~ ~ 

(7) UL~u~lai~,u~a~,~ <III •• <4 "" 'l .. 
L~a~lU~D~ft11~~U~ft ua,uau ~ 

I • I I 

ftl!1a ~m l~rlU~rl~ ~ L ~u;,IIlJ,~ai~~v,~u ~'l un 1,~vrlau·l ~ L aan!lUlrl!la ~~a 
I • 'Sol .. I .. 

a!l1~H~'lun1~!la~Lft;a~~irl'l~1aULWlJ~~~~lUua~al~~!l ~~Ltiun'Wtla~nl,'l!l~~v~~lU 
"I' " 

Ln'rl~~ (al~~~L~ut~~l) LWaLnlJ~~v~~lULn'rl~i 'lunl,aanLWlJL'lq~~iLtiu~a~ftiu~ 
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5. fl11UIUM~Ufiai~1Unl1 ililnmJ1J~a~u 

r 
" 

I 

nl~ 1 • 

~ . ~ 
~.. v 

~U~~Ul~flna~~a~u (A) = ab 

D 
e = 

2ab 
a + b J 

/; 
/ 

t 

.. 

'1.1 " I.., I 

aUU~11 L 11~a~nl1 L ;an'lllllUnl1 ( 2) L ~UaUnl1nil~nl1Dllll ~fl11U1aU ~~~nl1i~a , 
It., I., 

mJ1J1tUlJ1U aUnl1 (2) alUl1DL;!JUil\·luiin11J~ii~ I\~~U 

• 
~ 

LUa~qln 

A 
c 

Nu = 
h D 

e 
k 

(h 

h 

l>t 
pb 

A l>t 
c pb 

A 6tpb c = 

L 11alUl1Dq~ft1lJaUnl1 (8) 
v 

• 

0 . 8 
= 0.0182 Re 

D 
e 

= 0.0182 
k 

2ab 

A 
c 

Q, D = -- , a+b e 

, 
" 'l~ulI\Lilu 

A 
c 

0.4 
Pr 

l> \b 

= bL, 

O.B 0 .4 
Re Pr ••••• (8) 

b 
" = a 
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2 = (0.0091k 
0.4 

Pr 
O.S 

) (1 +« ) Re • • •••• (9) 
L 

• 
~~Ofta T -

P 

. .. 1:. nlalN 
• 

'I: nlalN111 

.2 
L 

= K (1 + 
1 

O.S 
« ) Re ......... (10) 

I I I " • I ... ~."". ... ... '" 
Kl flafllfl~~al~lULft1a~~lalnlft1aULQW1~Lfl1a~~L11nla~aanwuu 011\11ft1 

~ . 
\ 'l'lLilu'i~fta~~11Ufll lItpb m1l1~IJ~lIa~ II \b 

iltl 'lU1i1~lIa~ lS'C 20'c (5) u.a~ (6) 
v , ~ 

fl111J{IJWUtift1M1Ui1i~1nia~~iun11ftfta1n1ft " a11J11QM11ftlftun11wwUft1 
v . .,. ., 

friction factor a~iUalJn11 (4) iu~ualJlJfi11L11LaaniialJn11 (6) ft1M,tm1 • ... 
friction facor lfltlOl111IJaIJ011 (4). (6) u.a~ (7) 'i~lft11 

3 [ J4 
( .:.0.:.;' 2:..;6;,;;2;.::11:.... 1 + « = ) --

Sp2 «b2 

3 2 = 0.26211 ISp 

2.S 
Re 

•••.••••• ( 11 ) 

W. ., '" 

'i10n11~'i11W1aIJ011 (10) u.a~ (11) 'i=LMulft11M~01a~~iiiun11~ft 
• ., '11' tv ., II 

~ '"1. 4 "...... .. "'II .. il1n1ft (mg LIP) u.a~lIaH1Ull ft (Q) fl1~nLWlJlIULlJa Re LWIJ1IU llnflu.(t1Ll1f1a~ 
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'" .. <lflii... • ... " 

~l~nU~ln~L~~, LUu~~lnL~u~nnl~~~l~nu 

~ ~ 

1U~1~tiQu~Du~intl~1~~lU'1~~:La~~Ua~nl1aunUUU un~:L~ui~~;~'Un11 .. . .. 
Laan1uUU1~Uu~u~~ ~n~~,u~ l~ LUU fl,1~~;nu~U8~UU1ftUa~Mvft~~ ~;uUUlft~1~1~1UUa~ 

, .. , I .... 

(10 ) L~Ua~nl1~1uL~a~lUUlflUa~~aa~1flU8, 
I I ~ I .... .. ... .. 

al~11D~11tiu~1U1ti~L~Uti1:1~uun'1U1fl D1~1nL11~'1UUa~~ftu1tiu . . ~ .. . .. .. 
1. nl1:fl,1~1uU (Q ) ~ft8~n11 

I '" 'I ... 

2. fl,1~~1,D8 ~~8~~ (L) ~~ul~~:Dnn;~Ufl1ft~UMM~ D 1~ lnL11ni~uft • 
.. .. I . . .. 

UUlflUa~ml~n,l~ (b) 11U~~8~~;~1 ~~ul~~: L~ULW11t !lUl ~~ l91 'illUUu~'''~~fla~ .. 
nl11u . . .. 

~lna~nl1~ (10) Ll1a1~1' DL DHU1~~1 fl L~U 

. 
Q 

-1 
LK RO . B 

1 e 

· .••• ( 1 2 ) 

· •••• ( 1 3 ) 

~.. ~ , ... 
~lnfl'1~ti'~uUfiU L 11a'1~1'D L D!J1l n nl'lLLafl~ml~ti'~ufil:~'l~ <X LL~: Re 1~ LLft\'l~ 

.. I , . , f .... 

nl' (13) ~v~~1~1'D~;'l~8~1uluM L~uti':ilJw~lnn'lU1~ • • . . .. 
LUu~~lnfl18v~'lnl11~~L~~~'~ (~ ) ~1~11DLL~ft~1~1u,ti 

m • •••• ( 1 4) 

.. .. . 
LL~:~lU8~ m uDnni~u~i~unl1~fl'1~luU Q LL~~nl'L;~Uu~awKn~ua~ulnlfl • • • 

m _Q-
c lit . 

••••• ( 1 5 ) 
P 01 
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. " 
aUnl1 (14) a,U"o~~ft1MUlftL~U 

2 m oc 

~b (1_ ) 
Re 

" " . ~ ~ 

unn III ~11 ~atl ~tli ~ 

" 11UalJnl~ (12) Ull~ (16) ~~lft 

" . 

..••• (16) 

. 
= 

Q 
.•••• (17) 

••••• ( 1 8 ) 

•• I '" I 

1 ft 1 ftun., L aantn 
. 

b LLa~ m 
... ~ . 

LUaM111Jfti nalUI10llifti a ~ft LUa~fjln oc 

lJ. t . ) ~::LuJ1"IUtll m 
,01. • .. 

tl~M LlIellUl10lllflltla~ oc 

" 

b = -a 

UUalfjOnn;MUfllftuaWMn~tI,aan 
v • v 

., ". . ., 
"tl~LaanaWMn~tI,aan1l1L~ulu",ufl'Mn;MUflfl1ll'UN~"NaIiU ~ • v 
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..... ... I I . ~. 

ai~1UHU~~lUD1~~:~lU~1~Dv~~v~~ 1~UH11u~:Laani~1.~M'lftl~n 

. ~ ~ 

uJ1J~l~a~~'ltJ~~n~mJul~ ~~al'tala~n 
I '" I I ,. • 

ai~1U~HU~~ftl1~1aU ~~L~UalU~u~~a~~a~~ (~'uM 1) • ow 
~ ~ . ~ 

'li L~ufta~'l tlh~: L ~a~~ l1Ll110 ~tn 1~~~~~1 ~ 
, ~ 

ftl1lmUM1U U1Mun 
'" .... I.. I I ... 

Ui~11~1au uan~lnUU~~ftl 1U'liL~U~'l:fta~~UMuti~ Lwa~~nl'~~LaHftll~, au1ftHnl ' 

III 'lU~l~B1J~L 11u~rH avn'l ;nn~n ~lvll~la~n'la 
~ 

~lnL11~~11Ll11Lyl'tl:~a~~LWH~~vLftHl lftHa~~~i~ 
• 

1, 11ftl'l1a~~HUil~ 
~ 

2, = 

u 

3, ntl1Dv ~HU~~lUD1~~~:~1~ (l1~yU1Uml~'vU) 

z 1J lM/lJZ 

c bLx + bLy + (2a + b) Lz 

. ... "" 
ftll~L~'~lJ (V) iUMv (~UvHnUtlUl~~v~l't;~U~~v lnlfl) 'l:lftll • • 

c = A 
bL (x + y + z ) + Z( b ) Lz 

I .. I I 

~ ~ 41 "i i .oj .. 
~L~vL'UtlLvft Ll'tv~l~l c ~ia~\~H ~ x, y, z, ~~: A LUU~lft~M 

de 
db 

= 
Z z 
x+y+z 

• 

ZAz 
=-;} 

, ••••• , •• ( 1 9 ) 

•• , ...... (20) 

••••••••••• (21 ) 
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, v , 

'lUTl,)1~H~U.1 ~tl1'Da~ x L(a~ y '~~Tll~lnn,)l z ~ln '" "'. """ IHUUL~a L 11M.l11l11 
, , , , v .. 

eI~n l 11'1 (21) L11'~MU,)lTll'D8~ « '~L~ULa'DLflH~')U 'lUl'Il~uaU~L11~8~nl1 
... • I.... .. ... I .. 

ll'l «~Tll~lnL~8'l1'l1Tl Q ~ln fll'Da~ « 'luLTl;a~l'Ii8lnlft1aU~~'D1U~1~~ ~~lTl 
I I I.. I 

(Tll~U1~Ll'In) ~n'~~Tll «~lnn,)l 20 Tl~uu'lunl1La8n'DU1Tl'Da~l'Iaa~ 
I ... ... , 

lTlUl'liluH8anwuuu~~.iL~u~a~Tliu~Q~a~fl 
v 

I I... • I .... " , " , 
Ul~naUaUl~aUTl,)U LnU Tl l'lti'lu'lunl1'ltiLTl1a~ (operating cost) 

.. 
fl111au1l1l~a1' 

"'II ... ,'" , ,. 

.~~ TlaaTl.ua l~n lit ti~lU 1iinl11 L Tl11~1'I~Uu~'l ti'lun111 L fll1~1'I1'11~ L ft1H!lftl~~1 1ft') 

n11~ 

" ~ ~ 

!lua ~nutn l~ll.nTla ~'lIa ~n l1U 1 ~~1'U11fll 

I ... I I I .. I 

nal 11TluellUL(a')1~~1iinl1~lU ~ wuu'lTlLaU»~1~11Qui~1'lllaanWUUl'Iaau'lu , 
I... , I ..... , .. 

L Tl1il ~l'Iia In lfllilU l'Ia~~~ lUL(~ ~al~~U L ~a'll'll TlU1 ~ lu1IU~~aTllTl lI1n;.11011 L\ll'Il~'lU v , 
... ,.,... ... 

;~U~U~~~Tl,)1~.iL~~~aanWUU~il~;'110111'11~TllU 

II ' .. "..,.., I , 

1 Tl l1 ~ililnwuua l~lH)ililnLLuu'lll L lI~l~a~lTll'l~~'l UL(~tlil~1fl')n1 1~L(a:: L ft1H!lftla~1 

" " ..." ~'l B. elrua nlffiM ti 
-" 

" , " ~ .. ~ 

A = l'IUlIlIU1\1lTl'lla~lIaa~ 

" , " .. .. 
Ac = l'IUlI'Da~L(H~flflTl,)1~1aU 

v 

" 
a = Tll1~a~tla~lIU1~~Tl'Da~lIila~ • 

" ~ 

b = Tll1~Ul1'Da~l'IU1~TllIaa~ 

" , , 
D = LaUHlflUUnal~lDfl1ilafl • 

~ " 
f = lUU1::al'lfiTll1~LaUTllllUTllUnl11l1a 

, , " , 
g = Tl,)1~Ll~LUil~'lnL(1~lu~Q,)~ 

~' " 
h = lUU1::al'lfinl1Q1ULlITl,)1~1aulflUnl1Ml 

~ " 
K = lUU1::al'lfinl1UiTll1~1ilU 
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fllllJlIlltlil.n1iltllJ 

il~flnnI11)\(H ~~lJla 

Nusselt number 
, v 

nia~~~lnlUnl'ftftillnlfl • 
Prandtl number 

, 
ilUMJ1~tlil ~illn lfl'l UMilalJ • • 

~ 

"afll~1~)\ll~ilWMJ1lJillnlfltllililnUa~tllLtll • • 
I I I '" 

~ 

"afll~1~)\ll~ilWMJ1lJtlil~U"UftflfllllJ'ilUUa~illnlfl 

.. 
ftlllJ)1Utl 

fl'lllJ)1U lUUU 
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