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Studies on Simplified Design Method for Water Based Solar Heating System
Part.1 Proposal for Simplified Design Method

Jer st FHE A HHEOmETe
Hiroaki KITANO Kazunobu SAGARA Takeshi IWATA
Abstract

The purpose of this study is to develop a simplified design method for a water-based solar heating system

with a temperature-stratified thermal energy storage tank.

In this paper, several equations to determine a capacity

of the thermal energy storage tank and collector area and a design method based on these equations are presented.

The simple equations solved analytically are derived from results of solar heating system simulations.

By using

the equations, the necessary and sufficient tank capacity, solar collector area and other design parameters are

determined. And as a result of system simulations under various design conditions, it was found that the

simplified design method allows to design appropriate heating system under ordinary design conditions.
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Fig. 1 Schematic diagram of solar heating system
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Table 1 Calculation conditions

® 1 EHREM

Location Tokyo (lat. 35°N.)
Date February 1
Weather Fair weather
Atmospheric transmittance” 0.78
Solar constant” 1.37 kW/m®
Ambient temperature 0 °C (constant)
Solar Collector
Azimuth 0° (due south)
Tilt angle 45°
FKoo [WmM?K] 5.16
F(za), [-] 0.80

Surface of absorber plate Selective absorption membrane
Temperature-stratified thermal energy storage tank
Water depth 20m

Inlet / Outlet Two horizontal circular pipes
of 50mm diameter
Initial temperature 25°C

Sl Uiz A7 A%, Fig. 1 IR L2 AR EEAGS,
RERENEEW, 7y rafla=y b, |POHERS
N KBRS RO KGENEF > AT L Th Y, AL TIE,
LB, HEWA R, £EE, Ty raA o=y
h ORI RS LR EE RGN T A—F R, Th
b ORBEREFILEERET D,

3. BAMERELEZAEORRK

4

3.1 MELZaL—2avDETIL

RN BEEMEOITIR O 7200, MR O TV L IR E
TR ORNIE A7 V& W CHUER R 21T o7z, =
DY ab— 3 T, EEGRUAORE LR S
DERI & R 7 TOFRESEEEC X 5 B I T S
DHLOEREL, ZHOMEBIIEMEAL TV D,

(1) &£388  Hottel-Whillier OEEIRLIRD —RDIEE
D7D G &, EEGE LB AN B EDOLTES
nahEoX (K@) 2z, EEHRY FICEiRE
KAEBELTNWDHDOT, LEGROH IR 0,,,, DERL
H DR O A BASAE (DL F CIESEEGR BRI O oppse 1
UL ARG F,, 2@k Rkd D,

n =F'(T0()(, _ FKCO[ (ez'()/,tu(l + 0;0/‘1' )/2 - gamb (1)

col
77: qu — cw pw F;‘,v (0(‘01,12,() - Hcol,i) (2)

Icol Acol Icul Acol
F'(Ta)(, Im[ _ FY{[ ec'ol‘v‘.yet + gcal,l _ Hamb j
2

Fc,v = Aco/ (3)

cwpw (evo/,v,sft - 0L'0/,i )

(2) BERBREME  IREEAEEE O PNIRE Y
OFFITIE, TR KOV ESL 8T 5 50 b
ATEBMNESET LY Wz, ZOET /L TIERE
T ORE & LRI & 2 B8, L OASRMIIS Uiz
MAKEENKDIRAZBBL TN D, ZOETNVEHND
THBWEN OSSN IR DR 23K, HEEZEANRERB LW

Journal of JSES

_66_

T 7 v aA VOIRKN DR & 7 D EEWE D D OBUKIE
R,

— H OFEBE(OINE, LB TRFOEEENIRL D &
W& O CEEAE LT,

H\r
Q=%m4,0@m

Q) ML  TrraAfa=y NNONET AL
DEF N E LT, TRNSYS? TSN T 5ET L% H
WHZ &L L, KN DIRE, 25 A DREE, Bk
P & AR L O ESE O BRIIRG) 0 B R(T) THE
b,

-0,)x @

t=t,

ehww,o = ghww,i —& ﬁ (ghww,i - tha,i ) (5)
qex = gcmin (thw,i - tha,i) (6)
l—exp{-lL%m‘[l—(%m’]}
C, c

&= — — (cmin # cmux)

l—c’”""exp{— UA,,, [1 _%J} @)
Cmm' cmin Cmm'
— UAhex —
&= Ahex + Con (Cmin cmm’)

Z :Tr Comin k Cmax li%h%n Capthw;a ’J: cwprhw,w D 5 t:’
INEWHEREWFDOETH S,

3.2 SHEEHEB L UFEAE

Table 1 IZFHRGMA R LTz, 22 ClE, R&5M4E LT
FIRDO2A 1 AOERAZBIE LTRGFTL T\ D, HEEER
DHFNAE 00 (B, R E 450 & L, ERRFOIKUIR
FEIX0°C —E & Uiz, H£EGRR~O H iR, Bouguer ®
B HFN#EOR S Berlage O KZEH 5 &EOXUC X 25 HE
ERVT, IREREREEEOKGEIT2 m L L, R
FOTFEORAE DIXZENEI2 0O ER S50 mm O FE &
L, SEMEOKE EAEEICHEL T D b0 & L, HEUY
PNATHIREEIE, 25°C —kEE LTWD A, Zhud, 77> =
ANz =y MHOREYIREE 25 °C (845 °C) L fHE
LTWAH7=ThD,
KEISLTHGEE LT D KIGEWER v A7 5TClE, il
JE - IR EEAETHE LTV D, IREOHIERDE 2 ko
K OICIRE LT, SRR 7 ORI RIE, EEEA D
TR DS LEMEYIHIRRE I % U<, EE R~ BT R
KAE & 725 50O T CHEEREE DN EBGREIRE & 722 5 i
ThsarE LT, XQTEEAME Lz, £z, HlH TRE
132 DRKFED 30%E L,

F'(ra),I

e L cot oy FK[ gwlm; : 00'_9%1, J
—— 4, ©®
e (010 =0, -
R(3) TR O EBGE RN HIFE AN OGA 1T, K (Q3)
OB R A ERE R O _FIRMT F 7213 IR & L CHERSS
H ORI OW T L= RO L W VR E 2R D7,

2012 4F



EAEBRIGEIEDS > A 7 A OB GEHEC B A078 58 1 S RFHEDRSE

Fomm FK Fm FK
4., 2 Ao 2 9)

+F'(za),1,,+0,,, FK }

T TS Fp VIR R D EIRE E 721X FIRETH 5,

LEHEIR O SRS, BRI NEEHGERE LY
B, RO CEIRR(F, )% 0 & LTz & E(TEEZRD
HE FHRE DR IR L (O 2 W DB 2B EE L L
77 bbb, £ ~OHRHENXN0)ZHIZL, £
BB DR E DN EEG TR L HIRW & & | TEEGER A
17952 &L LT,
0

col,v,set

+6

col,in
— = Hamb]

10
e, o

3.3 BERBRELEREDER

Fig. 2 |3EHIREN HIEDH 720 O— 0 OFERE DR
BThY, EEREAEED - OEBWAE L ORE
HEEGEEREEIOR LTV 5, Z ORITHEBIRAALH 20 m?
DEEDORERTH LM, FEGRHEN 2556 THo T
BIRIZFRBROFERDGF DD, — kIS, HEREEEN KX
KRBLIEEMHMIRE (SEAGAMRE) 2 L5 LE<
257, EREBGHERNE < T 0 BEENRT 503,
R TR ISR N IR LL FICid e 5720 T, HFEG
O N DR EENH SN E Th D56 O FERE
PLEIZIFR LV, ZOEREL LT CIERAEHE L
MRS, & 7o, ENREE DM T E BB IR < 1372 5 08
ERNENEL 12 D728, ZORREIEITHMAT L L
12725,

Fig. 3 1213, HEEGERED 50 °C DEAITHONT, HE)
FROM AN TR EE 5 K OV i & RN TR EE /3 A &2k L
TWD, ZOMMNG, HERIRHAEREY 72 ) OE BRI 7
2% 0.08 m¥/m® DAL, EEEIRAIRE GEEWE MO
B OLHABRLS, AFENHZICRENITHLIDNDS
PHEBNRL LT TLZ b, ERWAEBRETHD &
S22 5, EEEBWEAERN 020 m/m> OEAITIE, HE
TEROIREDSVIHNEE ICIFITFE L, EPWENBATHD
ZEND D, T, ERWER R 0.12 mY/m? OBAICIE
— HOFEBEIT Fig. 2 6 FRORAZEAEIIZITEHLL,
F 72 Fig. 3 DA HEBWE 2RO E N EREE TI13E
—FETHDH LD, ZOHEBEE RITIRA LR E EE
THDIIREN G THDHEFZ D,

Vial—va UERND, RERICTHE, RAAEAES
IRITEETE DR/ N OEBRER B A RENFEOBED G
T E PR R L FHT D,

F Kcol (

I >

col

4. fHREHE

41 REBREEE

Fig. 2 \TR LT & BVEA & & AR OBtk 2 K9k ith

Vol.38. No.6

_67_

14

12 et
—10 f [
E
s 8 Set value of
= 6 collectore outlet
f temperature
Q4 ——40°C

=50 °C
2 -5-60°C
0

0.00 0.05 0.10  0.15 020  0.25
Vil Ay [m*/m?]
Fig.2 Stored heat per unit collector area in the day
X2 EFGRHEARYG Y O— HOEME

——Outlet temp. —Inlet temp.
—Flow rate
70 25 —
<
o 60 — 20 &
£ 50 / 152
Em // / 10><
g 0 3
NN <
S 30 >, 05 -
9
20 : : : — 0.0 25 50
7:00 9:00 11:00 13:00 15:00
(@) Vi Aeoy = 0.08 m*/m?
70 25 —
=
O 60 —~ 20 &
£ 50 / N\ 15
ol l/ N\ 1o &
S 40 1.0 3
o \ \ S
g =
2 30 L/ N 05 =
S
20 — ‘ ‘ 0.0
7:00  9:00 11:00 13:00 15:00
(b) V! Aeyy=0.12 m’*/m?
70 25 —
=
T 60 ,«\\ 20 §
£ 50 / 15 2
Sol /) VAV
3 40 1.0 3
o \ S
£ =
S 30 L/ \A05 5
S
20 ' ' 0.0

7:00 9:00 11:00 13:00 15:00
(€) Vyy/ Acor = 0.20 m*/m?
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flow rate and temperature distribution in the thermal
storage tank
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Table 2 Design conditions of heating coil
#2 BT A N ORGSR

Preset temperature of collector

Inlet water temperature O,,.,,;
1y hww,i,dc outlet eml,set

Control temperature of room—+

outlet water temperature Gj,,,0.4c 500

Inlet air temperature Gj,,..; Control temperature of room

outlet air temperature Gyao,dc Oniac —10 °C

Exchanger heat duty g.. Maximum heating load g max

Table 3 Calculation conditions

3 GRS

Thermal storage capacity (Q,) 100, 200, 400 MJ

Constant load for 6 hours

Heating load —0,(J)/ (6 hrs x 3600)
Control temperature of room 18, 20,22 °C

Ambient temperature 0,5,10°C

Water depth in storage tank 1,2,4m

Initial dlmensmnl;s)s depth of 0.1,0.06, 0.018

mixed region R,

Type of solar collector Type A, Type B, Type C (Table 4)

Solar radiation of 1 and 0.7 times of

1 iati llect L
Solar radiation on collector the value under the condition of

surface
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Table 1
Set temperature of collector 40,50, 60 °C
outlet
Table 4 Specifications of solar collectors
K 4 EEZOMLRE
Type of solar
collector Type A Type B Type C
F'K [W/(m*K)] 3.98 5.16 6.56
F'(ta). [-] 0.82 0.80 0.85
Absorber plate Selectlye Selectlye Black
coatin absorption absorption aintin
g membrane membrane P g
Convective heat FEP film ) )
loss reduction
qh,max
F;zww,v,max = (6 9 ) (22)
cw p w " hww,i,dc - hww,o,dc
&= qh,max (23)
Cmin iehww,i,dc - tha,i j
€ Cp: 1-¢
UAhex = E— ln (Cmin * Cmax) 2 4
Coax ~ Coin 1-¢ min_ ( )
Cmax
&
UAhex = Cmin (Cmin = Cmax)
l1-¢
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Table 5 Components capacity of solar heating system to be
simulated

£S5 VAT AOBIEAE

Set temperature of
collector outlet [°C]

40 50 60

Solar collector area [m’] 8.5 9.0 9.7

Volume of thermal energy storage tank [m’] 1.59 0.96 0.68

Upper limit of solar collector flow rate 0295 0180 0.132

[m’/h]

Heating coil

Upper limit of hot water flow rate [m’/h] 0.265 0.159 0.114
Upper limit of air flow rate [m’/h] 1,382 691 461
Overall heat transfer coefficient [W/K] 642 642 642
Heating load [kW] 4.63
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These values are under the condition of thermal storage capacity:
100MJ, ambient temperature: 0°C, control temperature of room: 20°C,
solar radiation on collector surface: Table 1, type of solar collector:
Type B
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(a) Effect of solar collector characteristic
(Heat storage capacity : 200MJ, Ambient temperature : 0 °C)
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(b) Effect of initial dimensionless depth of mixed region, R,
(Heat storage capacity : 200MJ, Solar collector : Type B)
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(c) Effect of ambient temperature
(Heat storage capacity : 200MJ, Solar collector : Type B)
Fig.6 Relationship between correction factor and set
temperature of collector outlet
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H2S)TERIND BB EREAEHND Z LT, KEGEL
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MHRODHZ LD, £, BumEfrEiI(2s5)6xK
HoHEN, Ko e, X23)% 1R, fHE L= LY
KBz LT b,

O

- (26)
QS RVW’
1 qh max
F’hwa v,max = - (27)
h R, ¢, p, (‘ghwa,o,dc - ehwa,i)
1 qh max
Etwwv max 5 - (28)
va cw p w (ahww,i dc - thw,o,dc)
c= L qh,max (29)
Ry Corin\ Ot = O

5.2 BZBREHEDFTED

BUAHIE 2 B8 L 7=l BaGHEZL Table 6 IZE LD D, A
AGRAHEC LD, &EHRM REBAN, HEAGORE,
EAEOKTE, EEGRE PR, ERGOEIRE, REWRE
PPIVRIRLEE, TNER = A L OIEKRFS L OZER D H A M)
Mo, ERGREM, FPWEAR, ERFTREOHIE LRIES
F OB = A L ORI R & RO HIE_ERRER X OEGE
R ARD D Z ENTE D,

R G BEHEDBGT FIAZ LLUFIOR T,
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Approximate solution by regression
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Correct solution by numerical simulation

Fig.7 Correction factor, R,
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K PR DR EE, HEVEKIR, BEGRRFE S D,
KERHEHNTRD D,

SLEFTRE e E i 2, SEEMR ORI, TR DR DL
2t A SR, SEEGREIREE, AR KUR L D
FEEMED B R(18) 2 IV TRYD, @ CHEEEHREA
KDDL XM ERZEOMOMEF AR EERD D,
LIRS &, MEENATREZR R, BURHIELRER, S5
R OB OFEE H H BEOSEMEN S, X(17) &K
QeNC vk s,

HEV A B, B EAREL, L= A L o O KR,
SR IR O EH A B (20) & K(26)I2 £ 0
kw5,

SEENR A OHIE F IR, SEEARRIAE, SRR ODRFIE,
SERGR B RO, EEARTIRE, EARREY)

Table 6 Summary of simplified design method for solar heating system
*6 KPGEWRE VAT LoOffigaxatih (KEKRERTTX)

Heat transfer coefficient of heating coil, UA..
Upper control limit of hot water flow rate of heating coil, F)mar o
Upper control limit of air flow rate of heating coil, Fju.max o
Upper control limit of flow rate of solar collector, F,
Volume of thermal energy storage tank, V,,
Solar collector area, A, o
Duration of solar heat collection in the day, #,—¢, o)
Correction factor, R, o
Heating load 0" o" o'l o'l o'l
o Depth of thermal energy storage tank o
2. Characteristics of solar collector o
B Solar radiation on solar collector o™ 2 K o
§ Set temperature of collector outlet o o
e Initial dimensionless depth of mixed region R0 o
g' Mean ambient temp. during heat collection o o o o
“ | = [Inlet hot water temp. (=set temp. collector outlet) o o
gn Outlet hot water temp. (=room temp. - 5) o o o o o o
% |Inlet air temp.(=room temp.) o o
£: |Outlet air temp. (=inlet hot water temp. - 10) 0
. an | o (24)
Equations used to calculate (25) (18) (19) 27) (28) (26)
(26) (28) (29)

o: needed design condition

Note *1: maximum value (W/m?), *2: instantaneous value (W/m?), *3: integrated value during heat collection (J), *4: mean

during heat collection (W/m?)
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Acol o SRR BN A [m?]
Ay o BB O WAL [m?]
c o HREV(EEREY (kg K)]
Fey BT [m’/s]
Feyiim B RO HIE N RE E2 I IR A [m’/s]
Fn,v,ma.r : %%&(ﬁi@ﬁﬁ&{ﬁ [ma/s]
Fina A=A LD [m’/s]
Fw s NE A L DIRK R [m’/s]
F’ : SEBIRNRIN 1 [-]
Hy D B O & [m]
Lot D EEERCAS T A SR [W/m?]
Leotave s BEEGRIC AR A H 4 & [W/m?]
Keol  SEEEROBEGE LRI [W/(m? K)]
to L : SEBABHAAIEZ, KE T REZY [s]
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0. : —BOHRE ]
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O : HRIE A ]
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OO HEEOES (T R) [-]
UAjer D = A L DERIEBAR [W/K]
Vopt o B B A B [m’]
Vi & Fa e [m’]
€ D MBI A L OBGEIR AT E [-]
n B [-]
Ouns o SREAERE IS (BRENRE) (SMKUILEE) [°C]
Ocolin D SEEGR A DR [°C]
Ocolyset BGOSR ETR [°C]
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Ocolvo  AREGRH IR [°C]
Onano N A Lo D R K T EE [°C]
Oy s NEN= A LD N PHREZKIRE [°C]
Omvas s NE= A LD 2RI E [°C]
Omvao s BN A LD H A 2R IR R [°C]
0, o AV O )RR [°C]
p D BE [kg/m’]
(z00), - AEEERO B W [-]
RAFE  a TER, w K
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