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ABSTRACT

This study has been prepared for the purpose of developing the system perform—
ance prediction method of natural circulation solar hot water system.

The storage tank of the natural circulation solar hot water system equipped with
flat-plate solar collector is located at higher elevation than the solar collectors.

Therefor, the storage tank temperature distribution formed accordance with con-
figuration of storage tank by flow rate of circulating fluid affect system collection
efficiency. In this study measure the storagé tank temperature distribution with
various experimental system under real sun condition and present the theoretical
prediction method of the storage tank temperature.

Moreover measure the flow rate not only day-time but also night-time reverse
flow rate with die injection viusal flow meter. |

Main conclusion obtain from the present study is as follows;

1) The storage tank temperature distribution above the connecting pipe connection
position is the same as that of the fully mixed tank and below the connection posi-
tion is the same as that of stratified tank.

2) The system performance sensitive to the storage tank temperature distribution.
Therefore detailed tank model is necessary. Average storage tank temperature can

be calculate 3% and storage tank temperature profile can get less than 10% dif-
ference with this model system.

NOMENCLATURE Ap : Surface area (m?)
| B : Distance between collector tubes
Main scripts (m)
A : Cross sectional area (m?) ~ Cb : Collector bond conductance (W/m-c)
*+F@ B g2usty d : Diameter (m)

** PR : I AErled
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F Fin efficiency factor

F Plate efficiency factor

Fr : Heat removal factor

f : Friction coefficient

g : Gravitational constant (m/sec?)

H : Height (m), Defined 4-2

H : Head (N/m?)

h : Heat transfer coefficient (W/m?2-¢)

I : Total solar radiation (W/m?)

K : Loss coefficient

k : Thermal conductivity (W/m—c)

1 Length of path (m)

h Mass flow rate (kg/sec)

N No. of node N

q : Energy per unit time unit area
(W/m?)

R Defined 4-2

S Length along convection path (m)

T : Temperature (°C)

Ta : Ambient temperature (°C)

TI : City water temperature (°C)

AT : Temperature difference (°C)

U Overall heat transfer coefficient
(W/c-m?)

\" Velocity (m/sec)

W Thermal capacity (J/sec)

Subscripts

¢ : Collector

d : Down comer

€ Effective

f Fluid

i Inlet, Inside, Number of node

L Load, Loss

m Mixed

0 Outlet

p . Plate
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r Up riser

S System

T : Thermosyphon

t : Tank

u Useful

\4 Vertical

Greek symbols

a : Absorptance, Mixing ratio
¢ : Transmittance of glass cover
0% Mixing ratio

6 Time

P Density (kg/m3)

n Efficiency

o Standard deviation
Superscripts

— : Average

1. A =

7] Bt =4 g
2R BE So] A, d7leE §F M &
Aol Wt th2A HEZ 2 4% %] 4
ATk AQAEBA FF A2 HsdE
Pol B ATE A AHgE] s A
A= e, 1

Close”’ & A2 HF 255 AoJsle] A

o

= .21]*]6']—931:}, Close o]

st o3 2T

HYEE HE718 45 ALddes HE7 &
d5 9]

£o mHEA Ygpow Ly)e &

gl
1o
_-1u:
AN
o
)
tlo
Fo



zpod #3k4] okl FoF A2 Ay F4 el A AT

29 BEF exz ANHYY A% dasd Ade YL 2

2 Yo #AEE &5 BIES uastA @AY 93 e

2 9R EP¥ Baz HFHY o) Wy . |
Close 9 olgo2M Alxde] 4%5E BT olgdA AujEuis} Zo] A 84 #%

AE3A &3] WA Gupta®?, Ongs’”l A2" e Aeg AFE o317 3 A=

59 Close 8] °|€& MAsed < A[H S +

AN et 25 94 A2ad BF L o LERITE Ax WA e 9 741/::}

s ek

2 gje] x8 ol43AAY
ox BEX A ¥ e Ong®

E2 o83t LY AseS FH3 e WUy Fo] olAx FAAHoE dollth
o A d43 Ui 2 A4 Uy T < dT< } &8 HFE 3% AMN2F
AHE FA T} | o] A% d& WEE WdE7] f8 slen 4
2= Young®’®’, Mertol 7, Huang®’®) HdHo=2 ’é/\]:} A -olrt
&40 5o) urh AT A2dY Avd A% o2 e sy A AR =
Z AR disliA I dA 2o 5S4 933 2
Young & FF7IA 7tdd &8 R AL 1) AQd &84 HYE 38 AN2hE 74
£95E B2 HYRANE £8 FA% @ st 7 sad eE R gge WAL=

3 We fA7F Ede] Yol Aoz AZE 2 oz BP9 2xEYs A ANR F9l
of Bapel A WA AYel S =% Nxue YY), AW, 45T o
AN iR TR BAFE olEIGT A7 & Pdo2 Uy £ 2 RES AEsje 8
d dre 1 -8 gE 7HAE A= 47 -E-%ﬁ}od Zb g dddx] WANS F
o AT I & JAEEF AT AF AA"He o5 By T &3 &
Mertol &) 2d A)Adge SEHEIEER & ?a}?&t} |
2 37 a}saoua A 2) AREae eEREE A2dY A%l
S wAARH AFBIL 2x I H®
Z, 4FEE JEFAY &, T
27 9 Fol walM B A7 oA
Jeieae udsel 45Re AA 2 A
B3 R 2% EXd M AY HA
S §E WPz HrolA ARstm ol
Z

oft
0.
F

095 H1 1'>
oll

Q¥FIl ofHZn FA%E 5 AA A2"d =
o] 4% daole QArtA ARl Wolynk

Huang< Close & BEdA A€ GHg ) F
37 s WR71e] AYFAMNS ASHR-  of

s 232 AY et vws gt

AE STANDARD 93-77 & 71202 AlA 3 3) B2 AFdAs JE §A9 Hiew, 3
APox Polx JEEE o8 2 Aad g HALE, YY/) BELASF, LAA
S AAs¥TE ASHRAE STANDARD 93- Al = E"Q%:ﬂ_ AG7]dA 2= 2z

3

g HA 37 $13AM FJEri= Zol wE
71 FEFS 29 I8 "WAG 0.02 kg/ sec ogei/je] 842 BEESH

-m® ojUE o] AR ¢844 Fg AAHY & ) A3 A 58 A2 &8 #832
g = Zkel7t Wi = 1':1"7"1]5'77‘]' FEe EAE

= 7] ]
4% B Nxge JFr)e AT A e FASME 8 AotV . mEA

A

T

770 & Ahr) 48 We 39 NFEeE  ¥x
o=

4

39 ejokel 2] M 723 1987, 11



g

HAd

e

3t 7}

5]

140 AHg

[<]

SEE

1.

2. DHA|AHCQ 02X

SR

—_—
L T,

g olyel ozt HAFA LA

‘I._.I

yH

oA o A
o g
sho} Hlm ZAMSHETH

o}
4

X
T

14516518)
7}o]

A 318
Kol
=

e
1

iinkey|
=
=

T o

)

<
)

Q

A
T
r

Wy
z

12 ]
=7} o
(2-1)

+PngAX

- (2-2)

A
-

A
=

%

Aoz thew 2o

| -

o 7)ol QAR

Aol eaoliE FAVF A

-

=
=

1

——
—

i

pl gAX _.I_ ngAx +......

g2, Pi/\x

1

(=}
j‘t pgdx+j.d pgdx—_fc pgdx—j‘rpgdx

Eol oFdvn Hgith

a2 e pRe 9w 2o
1) A% Ba R ex T

—

gz B3 YA L]

ek

3 2t

2) A% ®W3 WFeIA
3) A= ZH79

A=
=
Hr
.ft pgdx

.

=

40

/'él
1A~
G
e
T
7}
@]
aTr
=

=
1

) .

"

o

—
e
T

o
iy

|4A ol&E

o] L35} H o 1

j .

a
b 9B 349

al
T

olejorsl® A8 §Fol

L T

3t} Ong &

5t 9t} Morrison’®’
AT FA Abs

W AEALOIE AFelA dold =Y 52
AP DRCE T

< AF} sl

%73

-

2l

<= FAES ol&

5

shc}
FHE 2HEYTY, ol7]o)

2.43 m? ALY = LT 0.1 m® ¢

\

7_(_‘

S

}

3
}

g olgste] 2%HES oA A3 sl

909 Norton'*’, Shitzer'®’
T B gGA) ol& & 4 gle

¥ Tl ARRAL %ol

Solar Energy Vol.7. No. 2. 1987. 11

P 72 Yolok
A9 Rt

o)
o2 w¥S
2 WY Al

Z



45, a3% 2 P9 A$E 47

57 Fold el Axgr)

j‘t png:prg'Hrv .................. (2_3)
‘ j‘d Pgdx = Pag Hdv -eeeeeereremnens (2-4)
j‘c pgdx_—.. ch HCV .................. (2_5)

R Ao -
22 HE 2EF ol8std Hax AgHo

. j =

229 ¥4, §45 @y o=

A B Aag @A &4 £5E god
2t}

PSP S O N IS G
p
+KL"2‘V2 prc  tTrteeresesesacesisnenes (2-6)

FHAA dojues &4 FUYE
@ FAS ReFol ofsA 3 9
Aol K & #Y QZd AL du$,

H, § 3 o3 &4

rg
Uy <« o

i

3

..

>

™

s

e

(2-1) 48 ARApo]&E

el eaby doded F% A28 45 24 weol AP AT

T (2-6) 49 &4 FF

== 24 HE
2 oo M A2® =8 fFo] TR
o}

msz(HL/K)%— ..................... (2...8)

3. EHYE &IET|e| &gt

By Aeeld w9 W) gl By of
WX BEe oo g

Qa = Qub qp crereeereeeesseesseees (3-1)
(3-1) 49 §& HEF que ThEH ol

w2 ¢ Ut

qu = ga —Uc (Tp — Ta)

= Fr (gqa —Uc(Tci — Ta)} - (3-2)

(3-2) A9l Fr2 E7] €4A A=
oo 2ol Houn U

Fr =t Cp [1 — exp( U F'/ms Cp) 1/Uc
(3-3)
% A FE7 # && AF FPe o

o 2t

F,

---------------------------

1
" Uc B{1/Ucldo + (B— do)F) + 1/Cb

+1/(7 di he)} »-e (3-4)
(3-4)2e] H E& AF My A #H

faf
iy

3. =N S )4 =

A Zlsol i vz s 2 AT
Me 2 L 100W/ m-c 2 15U he =
JE7l BHE &8sl HE FA9 €42
ATZE oA Aitol AHES Nue A O
79 A% ogn 2o 2

Nu=X ( Gr Pr )Y
(3-5) A9 A+ X, Y& Gr3# Pr 9
uel o=tk GrPro] 10 — 10°Y9 A% |

oozl A 792 3% 1987, 11



0 0.250]1 10° — 10" Uy
Yo ZHZF 0.0213 0.4 0t}
HE71e 4

g e S5, fHEA S0l M 23 @

[
o
~
[
[ %)
-
[ %)
-9
T

0 0
2L -mgs Cp a—T dx ~UrdAprd

(T—-Ta) +kf Ard 0 2
X

oT

- Al L. 25 -

o r F7) s

| 0
v Forward Difference = -a—I~ —~ Back-

0%T
). =
rence & ©]8&3lo [FIAE

g i g4 tdE n+1 A] Zko) A g '1':1"3]" 2}
A4 o33 2ol pddtA & A

Central Diffe-
B]—z%N_g__i E}‘]

ward Difference &

.ful

~AiTi*™! + BiTi*! - CiTi "! =Dj

.............................. (4~2)
(4-2) 2o A
Ai = Gym, Cp+XrArd
Ax

. Wrdi - 2ksArd
Bi = N +ms Cp+ UrdAprd +—fA——§-—

X A
Ci= kard+ <Z> ImSICp

Sclar Energy Vol. 7. No. 2, 1987. 11

&4 Al Uexe JE8Y 2%,
0

Wrdi

S 4 UrdAprdTaee---- -
Di N Ti UrdAprdTa (4-3)
olttk, o] AAYE(ms>0 )Y FF
KGr>=1, (Z) =0
ol A (me<0 ) Y=
(G>=0, (Z)>=1
oItk
oA " Al st FAZAL s
A%
T:’ii =Tco at j =1 ereereeoens (4-4)
l::i =Tt1 at 1] = N:eorervenes (4-—5)
o SFBY e teH 2o
r:ti =Tto at 1=1
r:i; :Tcl at 1 :N.........;(4_6)

$.2 A% B39 o BR

M 7hA uhe} ol Ag HAS U
g 4 22 44sA 94 435% 9

2 2= FHpt EAEE
A

R Azkel o
Fig.4-1(a) & A<l A% 929 3

Hol 2" AHeln] Fig.4-1(b) & suol
A Wae 3k Fool @Z2" Zolth o=
A AsBdAM A BazR fYHs 27
= fY &Y 2x8 HRE Fo= s
of Zittm AAgt 2 AAZAA T &
F7F AA Qi 4% dF Efe] 4
ottt

-

A% B3 olelel jgAe dig ouix
nEsty oy g2 oz W A4S

12 of
rr o

£



43

ARERA Bopd FF A2DY 45 2R VY AT
FORWARD FLOW REVERSE FLOW kAL (7> c
\ i =1 + +-CZ )Mmi
%';"J.'.'.'.I.- | * ‘ di’ Ci =myL Cp Ax mmi Cp
'5.2.“‘” 2 ,1-.' 2 Wti
m2 } 1 = i " ims CpT + aj|n S
) —7 . Di =— 2 Ti"+ yirhs CpTro ilms |
mM '
'lh’ ; m‘,,m _dnthg CpTdo + UtAptTa
' i &y g
. Ao R AAA FYHE e A
o Mo N1 ety _
N , f 7 2%} H&E 242 B HE2E 2
the| 7 '
s NN © P g sgse o4t BEE 22 H, 4580)
Lo dZd" 248 Rol#d /% FHE Fig.4-1
FORWARD FLOW REVERSE FLOW (a),(b) & EMz U¥rgeul Z}y_}_g_j A7)
. | zhe oo g
2 ! Fig.4~1(a) & A%
ﬁms:_ " " ‘ll!lt'1 |
RALIS Yy ) i g hs >0 °|
mi _ mi
(W) ! s
4]0 R "I'!n. P Pg R = Tu_y 2Tro >Tx
N R
h . m" \ d!% al O]It] <G> 1,<Z> 0].L.
;b) H i—1
1 Z.Z rj 01‘11 l’ilmz‘ =.Z le’hs O]E}
Fig.4-1 Nodal points for the = A
storage tanks. (4-9)
) > @ mmi =0 at i =13 thmi=rths at
Wti _a%: = —tha; Cp—a—}dx-—-rirhst " e
H< i SNojt,
( Ti —Tro ) —UtApt(Ti — Ta) ms < 0°]3
Tdo £T
AT 22T . They <Tdo=n
—ti Cp =—dx + ksAt 77 dx —@im,Cp ri=00® (G)Y=0, (Z)=1°lx
v N * N -
(Ti — Tdo ) reerererrmmrcimeeniannn (4-7) 1 =.2Hai Ol mp; 2.2 ajms ©|T},
} = I=%+]
(4-7) 25 (4-2) 27} Zo] F§ AE A e eerrreere e (4-10)
Aog FABH i849 n+lAZdE oS : c
- D mm; =0 at i =N} mmi =m. at
3 gol @
H>i =21 olth
Ai = (G mmiCp + kZ“ Fig.4-1(b) & 2%
X :
ms>0G]Eﬂ_
Bi =l tms Cp+ yihs Cp o+ 7i | Th-y 2 Tro T
I—Aa. Mmi UP Jims CP 71 msl a,-=00]131 (G)'-—_-l, <Z>____00]t;l_
| 9 R=HOIH  ceereermniiiiiiiiane. (4-11)
Cp+UtApt +nuw Cp + ZfAt oo (4-8)
X

efofell iz Al 74235 1987, 11



s:EO
—l}-‘
%

»
gl
2t

i1

R . .
1 =.§Hr,» ]2 mm; =§ 7 jms o]tk

) J=1

@ mpi =0 at 1< i<HZ mm: =m, at
R< i ENojt}.

R<H oj&

1

i 1% mams =3 Time oIk

D mm: =0 at 1< i<R¥%} mm; =m, at

H< i ENojt}
ms < 0 o]H
TH+1 <Td0 gTH

ri =00y (G>=0,<Z)=1
N

e 1:2 a'j O]q-
1=

Hz=zRo|#

G i =0 at 1< i<R¥H Mm; = Ms

at R= i<{Hojt}
H< R

N
thmi =2, a@jhs at i<R EE
1=i+1

i~1

Iilmz'-‘:z ajlils at

H< i <R

D mmi=0 at 151 SHI thp =rths

at i =RZ Folac}

71ed S8 AR U

Solar Energy Vol.7. No.2, 1987.11

e |V
.
STORAGE |
)
.
Hy +
Hs |
COLLECTOR
Hd
He
FLOW :
METER 1 - 1
e THERMOCOUPLES
Fig.5-1 Schematic diagram of

natural circulation solar
hot water system

Ao A AAE FU AN A
g7 AL Table

Age oA Hxr] Mol AF WA B
FJdtn vheg LA dARFS V1ER A
A SlslM A& 71Esm g7 L AR 2
T ol v 15 Euit Yol ojAzt mith
23 71Zstqch |
AP AZ B3 wolsh A JAEB
WS A 71 Table 5-2 94 Zol AN
AYANN 23 gL LE, #F, WFF
oltt. Fig.5-10] EA® uis} o] LxE
197 4TS &7, AR #Hae YT &7
a8n B3 Wee LEE Bas A3
wFoz 749 HAAN FFsEAeH
Q717 AW g2 gyl LEE =5 Qnh



Table 5-1 Apparatus configuration

Flate-plate liquid type (one cover)
Outer size: 900W X 2700L X95T
_ Aperture area: 2.25m?
collector Absorber plate: Black N-Cr selec-
tive surface
ap 2093, €p < 0.1, thickness
1.4mm
Tube: Aluminum rollboned
copper tube
do=9.5mm, di=8.5mm
No. of tube=7
space of tubes (B)=122mm
Glass: 3mm thick

Material : 1.5mm thick steel plate
storage Diameter: 0.4m
tank Height : 0.8m

Insulation: Scm thick glass wool

connecting  Material: 2.5mm thick PVC hose
pipe Insulation: 3cm thick glass wool
Dimeter: 1

Table 5-2 Parameter values of the experi-
mental system

riser height from }?gfnlfgh;f

tank bottom (m) collector (m)
system 1 0.8 -0.3
system 2 0.4 -0.3
system 3 0.8 0.0
system 4 0.4 0.9
system 5 0.1 00
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Table 6-1 Computed values with various storage tank nodal
points and computing time step
No.of Time Hour
node  step(min) 10:00 14:00 22:00 | 02:00 06:00
Tt 21.1 53.0 53.0 48.3 45.1
Measured ths 7.4 8.1 ~-0.53 | -0.46 -0.39
o 10.7 5.8 10.2 11.7 12.5
Tt 16.4 46 .3 53.8 47 .7 44 .0
60 ths 5.10 7.47 -0.59 | -0.53 -0.46
a 7.0 8.3 5.4 10.5 12.2
Tt 18.8 50.9 53.8 49.2 45.5
30 s 5.85 8,27 -0.64 -0.53 -0.54
o 9.2 6.9 8.7 11.9 13.5
Tt 19.9 53.3 55.0 50 .2 45.9
40 15 ths 6.19 9.12 -0.67 | -0.54 -0.44
o 10.4 6.1 9.5 14.2 14.5
Tt 21.1 56,2 56.5 48.9 46.7
1 1hs 6.48 10.5 -0.69 -0.51 -0.45
o 11.8 5.8 10.9 10.6 15.7
Tt 18.9 50,7 53.6 49.9 44.6
30 rhs 5.87 8.64 -0.62 | -0.52 -0 .42
o 8.1 6.8 7.7 10.6 12.1
Tt 20.0 53.2 54.9 49.9 45.5
10 15 ths 6.22 9.45 -0.64 -0,52 -0.42
o 9.1 6.2 8.4 11.4 12.9
Tt 21.1 56.0 56.2 50 .9 46.3
1 s 6.53 10.55 ~0.65 -0.52 -0.42
o 10.2 5.8 9.3 12.3 13,7
Tt 18.7 49 .7 53.0 48.3 44.2
30 " ths 5.94 9,22 ~-0.59 | =0.,50 -04 .1
G 6.4 6.5 6.0 8.2 9.5
Tt 19.9 52.3 54.3 49,4 45 .1
4 15 ths 6.35 9.97 -0.61 | -0.50 -0.41
o 7.2 6.1 6.3 8.7 10.0
Tt 21.0 55.3 55,7 50 .5 46.0
1 ths 6.76 10.94 ~0.62 -0.50 -0.41
P 8.0 5.7 6.9 9.4 - 10.6
Solar Energy Vol,7. No.2. 198711 - 50
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