385 X 108 kw
(Fusion)
4x 100 — 5771 K
8-40 x 106 K 100
139 x 109 15x 10
4 2
(Radio
Telescope) (Ultraviolet Rays)
(Cosmic Rays) (Solar Wind)
20-40 3
3,
( +1.7) (Extraterrestrial
Radiation, G @) 3

(Solar Constant, G sc)
World Radiation Center (WRQ

1367 ~ 1.0
12

Thekaekara  (1976)
(L< <369



(Local Clock Time)

(Standard Time)

360
= +
G on G 6F 1+0.033 cos 365
1420 ‘
™~
1400 N
NS_ 1380 \\ //
(gs 1360 \\ _— /"“ N
1340 \N\‘ /j
1320.JFMAMJJASOND
Month
21 ) Duffie
Beckman (1991)
2
5762 K
T R T
2000 |~ w=—=Salar irraciance outsicle atmosphere
- aea 1353 Wim? Ex.
E
11600 |-
Ng / = Blackbonly ieratliance at 57(::7 K
2 1200 (- area 1353 W/m? =
§
% 800}
= | =)
400 |- I |
/ o B
7.4/ A LA O V. OO WO DS RN B
04 03 1.2 16 20 24
Wavelrnqth (um)
zﬂﬁ 22 mnaduvesmsuddsdmitonssoniadan : #1 Lunde (1980)
0.46 1M
50 0.38:0.78 (am
(Visible Rays) 4 (am4
?
7 (Solar lime)

10



(Longitude) 4 1
( 105
1005 (Latitude) 137
) (Axial of the earth’s rotation)
(Perturbation) (Equation of Time, E)
(meridian)

solartime = standard time+ 4(L5- Lloc)+E

E s () ¢ Bt ()

E =229.2(0.000075 +0.001868)4-0.001868 cos B
-0.032077 sin B - 0.014615 cos 2 B -0.04089 sin 2B

P any

ghud £ LN

2,3 . Duffle Beckman (1991)

Latitude Longitude

Equator

oy ¥ D

Prime

Microsoft lllustration meridian
24 ; Microsoft (1999)



25 ? (Greenwich)
? (standard meridian) ?
(meridian of Greenwich) ; Microsoft (1999)

6.
(Absorption) (Scattering)
(03 «2 (N2
(lonization) 030,
N2 (Infrared Rays) 0302 N,
(HD) (C02 (CO)
(NO) (CHY 0302 N2 H,0, CO, CO,
N02  CH4( )
(02N,
1.

. (Beam or Direct Radiation)



(Diffuse Radiation)
(Total or Global Radiation)

03 3

(Solar Noon) (Zenith Angel,

92)
(Air Mass, m)
m =1
(Altiude Angle, as) (Horizon)
r 1 90 (02=0) as+07=9°
sinas = _QQ_§€)_SIHCU
cosy
y = (Surface Azimuth Angle, )
' 1+ 180
0 = (Hour Angle, )
8§ = (Declination Angle, )
(Celestial Sphere)
(Celestial Body)
( )
(Ecliptic Coordinate System)
(Right

(Declination)

Ascension)



4

(North Celestial Pole, NCP)
(South Celestial Pole, SCP)

(Polaris) 1
(8)
£23.45 26
20 P an
N
’ 10 /
g o \
/ *
—10 1( \
/ N
ol X
JoOF M A M T AS O N
Month
2.6 . Duffie  Beckman (1991)
A - 284 +
Cooper(1969 0 0=23.45 360
per(1969) V %
()
(0)
) =190
(Slope, P)
0 180
6 ho'izb:;l":la;?iace

21 . Duffie  Beckman (1991)



(¢-8) EQUATOR

2.8 PO () -3 . Duflle
Beckman (1991)

(Solar Azimuth Angle, Y )

(Angle of Incidence, 0 )

0, 0Zp, y5¢) @ Y

QB0 =sin Osjn )cos P- sin Ocos Psin pcos Y+ cos 8 cos feos peos ©
+€0S sIn )sin pcos Ycos @+ cos 8sin psin Ysin @

c0s 0 = cos 0Zcos p +sin 0Zsin pcos( Ys- y)
P=0 )
005 0 = - sin 8cos fcos Y+ cos 8sin Jcos Ycos @k cos sin psin vsin ©
P=0 ( )
02 = cos ~1(cos cos 8cos @+ sin fsin )
P
005 0 = ¢0os( 0 - P)cos 8cos @+ sin( - P)sin 8
P
c0s 0 = cos( 0 + P) cos 8 cos @ sin( 9+ P)sin 8



16

24X3600 G80) 033 336& cos cos 5sin @B+ % sin fsin 5

fy3 = cos (- tan (tan 5)

(Daily Extraterrestrial Radiation,

Ho = |

HO =
m .day

@5 = (Sunset Hour Angle, )

- (12)(360()GEC)‘I‘Jr“()‘.'033360n Y cosd>coso(sin @-smco!) + fimz- CQ)sin 4sin 5
v 365 A 180

10 = (Hourly Extraterrestrial Radiation,
m” hour)

@1 = =~

co2 = () (o) (02 L)

9

Liu Jordan  (1960) (Total

Radiation on Horizontal Plane)

kt= h
Ho
(7= 4
lo

(Daily Total Radiation on Horizontal



C, M.
m2 day
Hd = (Daily Diffuse Radiation on
Horizontal Surface, _M_ )
day
Hb = (Daily Beam Radiation on Horizontal
Surface, — l}/i )
.day
(Hourly Total Radiation on
Horizontal Surface, M
2.day
Id = (Hourly Diffuse Radiation on
Horizontal Surface, — — ------
m.hour
b = (Hourly Beam Radiation on
Horizontal Surface,
m 2.hour
T= (Daily Clearness Index)
kT = (Hourly Clearness Index)

0)- <81.4

1.0-0.2727 K1+ 2.4495K 2
Hd_ -11.9514K2+9.3879K* ;forK T<0.715
H

0.143 + for Kt >0.715
0 > 814
10- 0.2832Kt +2.5557K 2
H, _, +0.8448K2 + for KT<0.722
H
0.175 - forKT>0.722
(2532)

A 254-2531 3

i



= 1.663 - 7.307K r+27.853K,.2- 49.639K T3+ 29.241KT4 ; for 0.17 <K T<0.75

H=Hb+Hd
Erbs (1982)
4
1
1.0-0.09k 1 : for kT<0.22
LT 0.9511-0.1604k,. +4.388k-r —16.638k" + 12.336k* ; for0.22 <k T<0.80
‘ 0.165 - for KT>0.80
| =1b+Id
10,
(Day Length, N 1)
=4 A
N1= " cos(tan Jtan0)
(Sunshine Duration, SD )
(Linear
Regression Analysis) (Nonlinear Regression Analysis)
y  (2530)
4 ,
, ( )

SD SD
0.2873 +0.4826 ¢ -0.1018 i I\l]

Kt 0.519%4

1L



19

(Ratio of Hourly Total to Daily Total Radiation)

Collares-Pereira Rabl (197%) i, 0), @b

= (a+boosoo)q—RP=El0
A SN0 405 cos @

a=0.409 +0.5016sin(cos -60)
b=0.6609 - 0.4767sin(o5- 60)

ld
S—
d =
(Ratio of Hourly Diffuse to Daily Diffuse Radiation)
Liu  Jordan (1960) rd, @ O&®

COScU-cosGUs

s WReosen
s 180

.24

Hotte] ~ Woerte (1942)



2

_ C0S0
h~ COS0Z
Rb = (Geometric Factor)
0
(Northern Hemisphere) 180 (Southern
Hemisphere)
y=0
cos(cf) - P)cas Ocos (0 + sin(4) - p)sind
c05 9cos 8 cos (U+ sin 4sin 0
y = 180
c0s(<() + P) cos 6.cos (0 + sin((j) + P)sin &
c0s ¢¢0s 0 cos 0) + sin ()sin O
13
3
(Isotropic Part)
(Circumsolar Diffuse)
(Horizon Brightening) (Diffuse from

Horizon)
(Ground-reflected radiation)
(Reflectance of the ground, p g)
pg =07 (Sky Model)



2

7 (Total Incident Radiation on Surface,
m I.hour )

131 (Isatropic Sky)
Hottel  Woertz (1942)

(Isotropic Diffuse

Model) Jordan (1963)
1+ COS» 1= COSe
IT = IbR b + Id -|-pJ
0 + cosP/l l-cosp?
=1/ v * |:)'V /
Circumsolar
! Diffuse
Diffuse Beam
"Area”, A,
e
— Horizon "Area”, A
2.9 . Duffic  Beckman (1991)
132 (Anisotropic Skv)
Hay  Davies (1980)
Hay  Davies (Hay And Davies Model) Reindl (1990b) Klucher
(1979) HDKR (HDKR Model)

lt- 0b.venyrstld{la) I'+°2p"\]1+fsinsuj]+ |Fg"°?pA\]
A,:i—: ; f=‘/$



Aj = (Anisotropic Index)
f = (Modulating Factor)
Diftuse \\\ %
from Sky AN
Dome W\
“»  Diffuse from Horizon /
{(‘-F 3‘&"’!“ AT i *Ground*
\- Ground - Reflected
2.10 » Duffie  Beckman (1991)
Perez (1988) 3
Perez (The Perez et al. Model)

A A . A
It:IbRb+Id(I-F1)1|+%OSpI +IoF %HdFZsianp |1 CQPJ
F-max(O( o F2=f2A+f2A+ 23
S VAL HE2A + 28013 ! ]

ap=max{0,c0s0] b =max][o,c0s0]
+5535*%10 8/
A: -D- 8=
P 1+5.535%10" 0/ In = COS®
F,o= (Circumsolar

Brightness Coefficients)
F2 = (Horizon Brightness Coefficients)
ap,bp=

2



Range of

0. 1.065
1.065 . 1.230
1230. 1.500
1500 . 1.950
1950. 2.800
2.800 . 4.500
4.500 . 6.200

6.200 . 4.

[ I
] ]

11

Beam Radiation on Surface, -

fl [, 12 f]3»

2.1
(Perez

fl,

.0.196
0.236
0.454
0.866
1.026
0.978
0.748

0.318

(Brightness)
(Clearness)

R =

; 1988)

f,2

1.084
0.519

0.321

0.381

0711
0.986
0.913

0.757

3

-0.006
-0.180
:0.255
0375
-0.426
.0.350

-0.236

0.103

MJ

W)

our

2
0.114
001
0.072
0.203
0.273
0.280
0473

0.062

(Normal Incidence

I»

0.180
0.020
.0.098
.0.403
-0.602
-0.915
-1.045

-1.698

f23

0.019
-0038
-0.046
0.049
0.061
0.024
0.065

0.236

23



(Absorber Plate)

(Selective ~ Absorber  Plate)

94-95

Solar collector  Glass cover

sunrays 4

Hot water tap &

Microsoft lllustration Cold water

Al . Microsoft (1999)

Law)

(a)

(Effective Transmittance-absorptance Product, (xa))

(xa)=101xa

24

(Snell’s



2

(Hematite, Fed)j)
0.3 - 30 fjjm

’g 0.50% Fey0,
2.12
(
6 ), Dietz (1954)
(Heat Balance) (Steady State Condition)
Q.=ACF,[s-ulL(T, T.)]
jQ,dt
AcJ1Tdx
Qu = ()
1= (Heat Transfer
Coefficient of Flat-plate Collector, — 5 K )
Ac= (m2)
= IT N
g/ta)Y ( 2 hour )
T - T



0= (Efficiency of Flat-Plate Collector)
Ta = (K)
T = (K)
Fr= (Collector Heat Removal
Factor)
3

(Radiation Heat Transfer)

(Conduction Heat Transfer) (Convection Heat Transfer)

L=— 1+ b=+
= N —
: (Z5% )
b= T
= —N —
6 (=" %)
3l
(Numerical Method)
(iteration)
Klein (1979)
Hottel, Woertz ~ Klein (1975)
-1
~ . Ta)(T 2+Ta)
1= U» +- +- 2 (Tpm ¥
(T,,'T tll: (ep+0.00591Nghw)_1+12Ng+f1-|+0.113ep'N.

26



21

ft=(1+0.089 hw- 0.116hwgp)(l +0.07866 Ng) ; e = 0.430(1- -

A pm
0°<p<70° ¢ =520(L- 0.000051 p2)
p>70° P=70°
N g= (Number of Glass Cover)
Tpm= (Mean Plate Temperature, K )
Sg = (Emittance of Glass, 0.88)
Sp = (Emittance of Plate)
hw= (Wind
Heat Transfer Coefficient, E'EY)
a = - (Stephan-Boltzmann Constant, 5.6697 X
32
.1
U, = T
Lb = ()
] = (Thermal Conductivity of Insulating
Material, K )
33

Tabor (1958)



_ (VA
( A 1 =
(%)
4, 1
(Absorbtance)
Efficiency, F )
- S Th
L IIIIIIIIIIIIIIII I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII n V*
[ [ B W 2
&, WEELESD... :]
JE—
UrAXIVT ) V SAX
N e | X e
¢ 4 T T S
F o e e v 1
ST
NSULATS.D
2.13

. Duffie  Beckman (1991)

X X
ST MY L T
S Ax ].AX(T -l)ai)/\ &de X: anQdX YHAX,

oy, =(w-D)F(s-uL(TT]J)

m'( -D) m= ks

28

(Fin



qu =

(Collector Efficiency Factor, F*)

q;=WF'(S-ULT,-T),)

Tb-Tf c " khbpb
1
hfittD, + ¢ b

(Convection Heat Transfer Coefficient, — )

29



Tt

(Flow Factor, F - )

214

T2

r

<nt

2.20

N £\

cpf Ff|y ~ : ¢ pf Ff

+ Ayq'u=10

y+Ay

fluid flow s 7; (@)L T
5L_________§ TFAY
r ‘ AY |
; Duffie  Beckman (1991)
F! ,
Tf| =T, T +A =T2
L
y
To- Ta- fAcU.r
B et J
T,-T. -
UlL
ni ¢ AQUSLf\]
Fr =

Acu L

30



3

Fr F'
Fu:_f’_l%z 1. eXp(_AgUIF"
mcp
1.0 ‘ f"""l
f)ﬁf ;
0 ?)‘ s I
v :_
i 0 z‘
| |
0.0 ~ N *MJ
2 HC, ( 100
acuir-
= Fry e Duffe
A CU LF
Beckman (1991)
1
(Critical Radiation Level for Flat-plate
Collectors, | Xy, —--ag ===
olectors, 1 7 heirt

1 FUNT,-T)
T=  FR(xa)

Qu = ACFR(IT—iTg)



10-120

(Crystallization)

(Supercooling) (Nucléation)

(Nuclei)

]
11.

2.16

(Abh, 1989)

(Melting)

<~

. Microsoft (1999)

3



(Seed Crystals)

(Supersaturation)
(Organic Compounds)
(George, 1992)
2
Abhat (1980)
0-120 (Organics) (Inorganics)
1 (kinetics)
21 (Thermodynamics Criteria)
. (Melting Point, K)
AL AL
(0 )
] (Specific Heat, kg.KI)
[ ] i _A_
(Thermal Conductivity, e )
. (Congruent Melting)
(Segregation)
2.2 (Kinetic Criteria)
reezing Point rystals
(Freezing Point) (Crystals)

(Nucleating)



34

23 (Chemical Criteria)
. (Chemical Stability)
24 (Economic Criteria)
3
2
) ( )
(Compounds) (Eutectics) 217
aldeuigan
i
[ |
msoiiunid A130UN3g
K I
[ ] | 18
m5sznou R m3tlsznon e
fgAanaouIMal AIg@araouIMag
| ] .l —
v || s
217 . Abhat (1983)
Abhat (1977), Lane  Glew (1975), Schroder (1980), Yoneda, Schneider  Schmiegel
(1978)
0-120 2.18
125200 —
5-200 de
(Salt Hydrates)
250-400 —-

dm



(Abhat, 1978)

3

_____ e B f " eT m-olrl ta PANﬁlH
1. PARAFFIN 5913
| 3 PARAEEIN a6dh
- Parait» .
3 ? N?Jrna—lPa_r:Saffin Organics A: Eﬁ&ﬂ;m 665882
21 Inorgar_uc Compounds 6. PARAFFIN 6099
Eutectic Compounds 7. OCTACECANC
l - 27* A ¢ .
| = 8 OFALCAD
3013 B *
23 P acx ) Vo » ) Iﬁ- W%d
.O R~ .0 19*« 2 ﬁ Mﬁgﬂé R]D
. %30 17+ % POLVELVCOL « 6000
18 PROPLUMAM DE
(6] 10 20 SJC-) 40 -l’Sé 60 70 < 60 - 90 1 110 120 éf) W
Melting Point 1°c 1
05) 1 . M2 Kisie3
T7T
400 2? “A ® Para Itins
350 %29 A Non-Pore ftin Organics
op* * Inorgan_ic Compounds
£ A 33* 0 Eutectic Compounds
300 —_ f
2
250 = 3
3 * *
200 " —
™ A *
150 2 . ' oy
K0
1 50 21.1 NT.I PROPIONANIBE
3 A
10 20 30 50 60 70 80 90 100 0 120 WPX{I%%Z&M
Melting Point 0, -5 X« ¥
2.18
0-120 . Abhat (1983)
3.1 , (Paraffins)
(Waxy)
!
(Straight-chain Hydrocarbons) (Alkane)
CrH2R2 (n-Alkane) 75
100 (Paraffin
Octadecane) CH3

(C-atoms) 14-40

X 1 ~3 " )E=6

6-80



3

8-15 (Abhat, 1983 closed in
Encyclopedia of Polymer Science and Technology, Vol 14 pp. 768-769. Wiley, New York (1971))
fl ¢ "
!
(Crude Oil) (Fractional Distillation)
2
(Crystal Structure)
(Needle-shaped)
(Disc-shaped)
(reversible) (Teubel, Scneider ~ Schmiegel, 1965)
(Abhat, 1983)
2.2
22 (Abhat; 1983)

PARAFFIN  DISTRIBUTION  OIL FREEZING ~ HEAT OF  DENSITY AT SPECIFIC HEAT THERMAL COST
OF C-ATOMS CONTENT POINT/RANG ~ FUSION  20"c/70%¢c AT 100*c CONDUCTIVITY  (1979)

% %G kJ/kg: kdfdra kgfdro kilkg.K WiraK (SOILD PHASE) DM/kg

) cl4 : 45 165- : 1208
C15 - C16 . 8 163 i : 0502

59133 C13-C4 20 2024 189146 090000760 21 021 050
OCTADRCANE ~ C18 0 % 24180 081400774 216 015 1500
6106  Cl6-C8 5 0244 18915 09100765 21 021 0.70

PLL6S i 4548 200:65 081700786 25 i 042
5683  C0-CB <05 4850 189045 0.912/0769 21 021 100
05>  C2-C5 4 5060 189150 092000795 21 021 0.60
6403 C3-CH5 <05 6064 18150 0915079 21 021 100
64991  ca-C%0 3 6468 180157 0.93000.830 21 021 080

" - IMPLIES DATA NOT AVAILABLE 3 MANUFACTURES OF TECHNICAL GRADE PARAFFINS 5913,6106,5838,6035,
6403 AND 6499: TER HELL PARAFFIN, HAMBURG, FRG
2 COST ESTIMATES ARE FOR 1974 2 MANUFACTURES OF PARAFFIN P1 16: SUN OIL COMPANY, USA

(2539)



€ HA
2,3

€ 2TH%

€28H%

€29 60

€ 0762

€ 31HM

€32 66

32 :
2.18
24 )
MATERIAL. MELTING HEATOF
POINT/RANGE FUSION
*C kjflcg: ki/dm

CAPRILICACID 165 149:128
CAPRICACID 3L5 153:136
LAURICACID 42-44 178:155
MYRISTICACID 54 187:158
PALMITICACID 63 187:159
SIEARICACID 70 203191

0-IMPLIESDATANar AVAILABLE
28-SOLID, L-LIQUID

3

23
( ; 2538)
( ) (kifkg)
58.8 234.9
61.2 255.4
64.4 238.6
65.4 251.2
68 212
69.5 170.4
(Non-paraffin)
(Lipid)
(Fatty Acids)
CH/CH"COOH
24
(Abhat ; 1983)
DENSFIY AT SPECIFICHEAT THERMAL COST
kg/dm3 KikgK. CONDUCIWITY (1979)
[ 1K DMkg
1.003(10*0,0.862(80*0 ) 0148(20*
0886(40 * 0149(40*
0870(50 *C) 16 0147(50 * 250
0.844(80%0 16(5)3,27(L) - 250
0847(80'c) 0.165(70* 230
0941(40%0 235(125 *C) 0.172(70*0 200



(Abhat, 1983 Lane & Glew, 1975)

b2-25
25 (Hasan ; 1993)

Melting range °c 57.8-61.8

Latent heat ki/kg 201
Density glcm330 /70 °c 0.942 /0.862

Dilation volume cm'/g 30-80 °c 0.113
Specific heat kilkg.K 30770 °c 2.00/2.37

Thermal conductivity W/m.K 0.16

Hasan (1993)

57-60
k J A , f i \
200 2.5
2.19
'/D ‘ et g - ————
70§ "! * 47 kg/min
[ A 3.2 kg/min
65 l! ¢ 2.0 kg/min {
O + 1.0 kg/min i
® 60| W o * Okg/min !
8 55 x“\. R [
g ] '.I*“ ‘w‘\‘ |
- 5(_.1 ‘%‘.. ‘\‘\ |
| Thermocoupie 2 ﬁ&‘.‘a \‘\_\\ :
el A ‘
45 f niet temp. 40°C e%%.% ‘
40 1,,.,- ) s R M W “.i_"'@“ﬂf_‘ ad
C 40 80 120 160

Time , minutes

2.19
0-47 kg/min;  Hasan (1993)

(2532)



33 !
M.nHD M
M.nHjO ( ) + <> M( ) + nHD ( )
(
1947 (Telkes, 1947) 26
0-120
M
(Decomposition)

2.6
MATERIAL MELTING ~ HEATOF DENSITY AT
PONTRANGE ~ RUSION kyldn
*c Kikg: klfdm3
H'0 0 0 313306 0917(07°0,0.998 (20 *Q
KF.4HjO 185 BL36 1455(18 *C), 1447(20 'c)
CaCLHO 27 171:256 1.710(25 *C), 1496 (L)
NajSOMOHj0 24 54317 1485()
NP 412HO 3.0 281:405 1520( ), 1442 (L)
Zn(NOj)2.6HD %4 147:304 2085 (14 °0
Ne* 2 ,5H2 480 0132 173( ), 167(L)
ByOHrgHO 780 267581 2180( )
MgOj6HjO 1160 165239 137(20* , 1.442(78 "0

" DATAFOR HjO ISINCLUDED FOR THE SAKE OF COMPARISONS
4 -SOLID, L-LIQUID
" NEGLIGIBLE

-IMPLIES DATANOT AVAILABLE

SPECHCHEAT
kikgK

209( )2,418(L)3
184(),2392)
145()
198()

170( ), 1%4a)
134( ), 2262)
146( ),2392)
117()

172( ), 282a)

2.19)

(Irreversible)

(Abhat ; 1983)

THRVAL
CONDUCTMTY
WimK

22()2,06(20°0
4

0.544
0.514(32 *0,0.476(49 *Q

QosT

(1979)

DVikg
*b

0.36
0.10
0%
240
0.30
N
0.20

39



Phase Diagram) (Zief & Wilcox, 1976)
Liquid System) M

Abhat (1983)

Kauffman  Gruntfest (1973)
61

36HD - AL(NO)339HD 53-57

148 -p- NaOH.HjO 64.3
Kg

212 ——
kg

34

41

(Thermal Cycling)
2 (1)
(Differential Scanning Calorimetry, DSC)
diagrams)

A

40

M-HD  (Binary
(Solid-

Mg(NOJ)

(Energy-Time

(Thermal  Analysis,
(Heating and Cooling Curves)



4.2 (thermal cycle)

1365

(Laurie Acid)
(degradation) (Abhal, 1983)
NazHP0412HD

(Sodium thiosulfat Pentahydrate, Na2S04 10H2D)

43 '

Analysis (Chemical Analysis)

Hoffman, Hodgins ~ Telkes (1955)

44

Hydrates)

41

20
(Thermal Stability)
120
90
(heptahydrate)
1000 (Telkes, 1975)
(Corrosion)
Gravimetric
21
(Salt



2.1

Families of PC\ Heat Storage
Material

Organics L Laurie Acid
2 Wax Ester, Loxiol G 32
Inorganic Sail 3. LIC10B8H2
Hydrates 4. CaCl*.0H2
5Na2 410HO
6. Na2HP04.12HX
7.ZnfNOjJj.eHjO
8.Na2 2 35H2
9.CHX00Na.3HD
10. Mg(N0j)26HD
Inorganic 11 Ca(NOj)j-4HD(67wt. %)
Eutectic - Mg(NOJ)26HZ)(33wt%)
Compounds 12 Mg(N0326H20(53mol%)
- MgCI26H2 (47mol%)
Notation : + Corrosion Resistant
- Unsuitable

Phase Transition

Phase I"evel of

)

(Abhat; 1983)

Material of Construction

Temperature of PCV Melt During Tests Stainless stee  Mild Steel  TinPlated ~ Copper ~ A1995  AIMG3

(°C)
44.00
58.00
aio

29.70
3240
35.00
36.40
48.00
58.00
116.00

59.10

0 Metal - PCM Pair Not Investigated

T T

m pen =

H =

(o

(Approx, ©0
65.00
80.00
20.00
50.00
5000
55.00
55.00
70.00
60.00
140,00
60.00

7000

(kg)

14301
+

+

+A)

T1

(kJ)

1033 Mild Steel

+ 0 + + +
0 0 + 0 +
0 + 0 0 0
+ 0 +
0 0 + 0 +
+ 0 4

0 +
+ 0 + +
0 + 0 0 0
0 + 0 0 0
0 + 0 0 0
B) 0 0 0

A) Tests with Stainless steel AISI-403
B) Tests with 1% Carbon steel

Tm T2 Tw
T,
L T2

k(T, -T,)+Hfm+C,(T2- T1)]



(Vapour Compression Heat I'uinp)

1 a (Carnot heat pump Cycle)
1852 Lord Kelvin
2
(Refrigerator)

Heat Sink

o W
Heat Source
% 220 k . Heap (1983)
.. 1824 Camol
(Carnat Cycle)
2
(Ideal Cycle)
TH >
2 4 :
é' I >
Qp

wwulnsll, S
T,

% 22 . Reay  Macmichael (1987)



2.22
(Isentropic Process)
(Prime Mover)
Q) (1) ' (Qh)
(Th)
(COPha,0)

cop
h,Camot :(th-t|)+1:(th Htl)

2 (Vapour Compression Heat Pump Cycle)
T -
—{‘ »w—J T
| ) p(Pa: 6 Tc 5
wy :T T’ »»»»»»»» i T. &
LU Ty T3 T o 4 J
Py 7 Te 4
— IT )— iTs— -------- }
Jaiorv h (kilkg)
3 22 . Reay  Macmichael (1987)
, 222
(2532)
120
(Critical Point)
10 5
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(A E1%)

AE = (- PERNp).100

PER*
PERIp= Qe PERI= "we
Qmp,hp Q inp, m
Qinp.hp =
Qinp.th =
Quse =
PER m = 5
PERp =
PER 11 = 0.75-0.85 PERIp

PERhp=n thCOPh

PER L 1

(Steady state)

(Tc) (Te)

(Ideal Gas)



(The Ideal Gas Law)

(Real Gas)
(Critical Conditions)
(Law of Corresponding States)
Pu=ZRT

p = !

R = (Gas Constant)

T =

(Compressibility Factor, Z)
(Reduced Pressure) (Reduced Pressure)
2.2 1-4
(Isobaric Process)
1 Q4:R,E, = hd- hs
1 1
104 = T4 (=)
kg

RE. = (refrigerating effect, -k"-)
L

hd = =
kg

he = ! -jh-
(&g)

45 (Adiabatic Process)
4 '5=h5-h4
4 5 = 4 5(=)

46



4

556
5Q6=h5-h 6
506 - 56 (—)
kg
hs = kg
(kg)
6-7
(Constanl Enthalpy)
h6=h7
h7 = 3
(Ikg)
1
7Q4+4W5=5Q6
COP.
Rk
COPh =
(Absorption Heat pump)

Qc =mrRE. = mwf.cpw(T3- T,)



g. = (U A).(T.-T4)
b ( =)
_ K
kW
ge = .
Qe = (kw')
mr = G 0 (1_2)
- (m2.K
AG = (m2)
T, = (°C)
T = (°C)
4
Displacement, P.D., _r_T]_S_’)
(Volumetric Efficiency, rjvc) 100
bore2 :
o= (stroke)(No. of cylinder)(N)
bore = (m) ; stroke = (m)
No. of cylinders =
N = ( , RPS)
=Ajg
4 = UK
(kg)
5 = A
(kg)
P4 = (Pa)
P5 = ' (Pa)

4

(Piston



c, = anudeusimezveslomamhanuduiinnudune
kg K
b4 ° ° 4 d (a P kJ
O = mwaaunnmwm"lﬂmsmmuuuum]sumsmﬂ(———
kg K
P = (Polytropic Index)
k = (Adiabatic or Isentropic Index)
3
1=1 (Isothermal Process)
I<i=P<k (Polytropic  Process)
k=—
(Clearance Volume), (
c Vs
= =[4c-c J
Y, -V, [1+c - ¢ a
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we=mr"

C = (Percent Clearance, %
PO=P5+APe =
Pb=P4- APin =
APex = (Pa)
APj1 = (Pa)
e a n Vv
Vb = (ni3)
Vd = (swept volume, m3)
WC = (kw )
Qc=mwCw(T9-T8) . Qc=Qe+twc
q,=(UA)(LMTD), . (LMTD)t= T
VIS ISy
mw = (=)
qC - (AJ A 1 kw
Qc = (kw)
: K

A00= (2
(Imtd)c (°c)



(Hand Expansion Valve),

(Capillary Tube)
1

(Triple Point)

28
R1L CCIF
R12 CCIFj
R22 CHCIF]
R113 cCijFCOFj
R114 CCIFjCCIF,
R500 (R12+R152a)
R502 (R22+R115)

R718 h2

(Thermostatic Automatic Expansion Valve),
(Constant Pressure Expansion Valve),

1374
120.9
86.5
1874
170.9
99.3
1116
18

(Brodowicz

23.8
-29.8
-40.8

476

3.6
-33.5
-454

100

Dyakowski ; 1993)

198.0
112.0
96.0
2140
145.7
105.0
82.2
374.2

kilkg
1820
165.1
2340
146.7
1372
205
1725
2257
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CFC -2 (R12, CCljFj)
(Ozone Depletion Potential, ODP)
(Global Warming Potential, GWP)
(Azeotrope Refrigerant

Mixture, ARM) (Near-Azeotrope Refrigerant Mixture, Near ARM)
ARM  Near ARM ARM
R500 R12 73.8 %, R152a (CH4FD 26.2 %
Near ARM
(Temperature Glide)

Troxel

(1989) (Lorenz cycle) Near ARM
ARM
A Brodowicz

Dyakowski (1993)

Copeland (1989) Near ARM
(Fractionation)



Near ARM
ARM
T T
2
3
1
4
S
3 24 Near ARM;  Brodowicz ~ Dyakowski (1993)
Near ARM
CFC
(1989) 3 R22, R152a
R114 30, 23,47 R12 R114
KCD9430
R12
R12
R12
(Toxicity, TEV) R12
R12
R12
.. 1994
12 Suva MP 39 R22/R152a/R124 53/13/34
Suva MP 52 R22/R152a/R124 33/15/52
R12
. .199%
R12  R500 Suva MP39 Suva MP66
R22,R152a  RI124 Suva MP39 R12

-23 Suva MP66 R12



Suva MP66 R500

2.9

Boiling Point (°F)

Flammability

Toxicity (TLV), ppm

Coefficient of performance?
Ozone Depletion Potential3(ODP)
Global Warming Potential4
Estimated Commercial Costs

CFC12
-21.6
None
1,000
2.2

10
30
N/A

(

HFC 134a
-15.7
None
1,000
2.22
0.0
03
35 x

1Acceptable Exposure Limit Assigned by DUPONT (TL Vnotyet established)

2-10 F evaporator/130 F Condenser/100 F superheat

3 calculated; compared to CFC12 - 1.0
4 calculated; compared to CFC11 - 1.0
5 Compared to historical cost. OfCFC-12
+ 30/23/47 Weightpercent blend

++ 50/20/30 Weight percent blend

2.10

Boiling Point 1atm, °F (°C)

Density Sat. Liquid at 25 °C, kg/m3
Density Sat. Vapor at 25 °C, kg/m3
Ozone Depletion Potential versus R-12
Halocarbon Global Warming Potential
versus R-1I (R-1l = )

Capacity versus R-12 (R-12 = 100)
MPG66 versus R-500%* (R-500 = 100)
Efficiency versus R-12 (R-12 = 100)
MP66 versus R-500*" (R-500 = 100)

Suva MP39
R-12 MP39
22(-30) 21 (-3)

131 1%
312 29.0

10 0.03

3.0 0.22

100 108

100 0

-23

- 2539)

KCD 9430*
-20
None
|,000'
2.28
0.42
161
2-4 X

MPG6
30 (-3)
1193
07
0.035
0.24

116
100
101
100

~ conditions : -23.3 C Evaporator/ 54.4 Ceondenser! /Superheat to 32.2 ’t/SubcooI 022 T
- conditions ; 17 CEvaporator/54.4 C Condenser/Superheat to 26. 1 “C/'Subcool to 516

KCD 9433**
-20
None
8001
2.30
0.03
0.16
2-4 x

Suva MP66 (Dupont ; 1995)

R-500
28 (-34)
1156
%28
0.70
20

100

100
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Comakli, Bayramoglu ~ Kaygusuz (1996) )
1 1 N A
(Simulation) 2.25
(Calcium Chonde Hexahydrale) CaCl26H2) 29
170 -22
==
B b Liquid-to-liquid
& heat exchanger
& (evaporator) : ’
153 Liquid-to-air
Tank ” i Te g M(:‘o:::::t‘r
T Ty iy
Ts
& s
Fan =~ Tamb
N
Schematic representation of the system.
2.25 ; Comakli, Bayramoglu  Kaygusuz (1996)
“ ;:—M:- armaunt iﬂlh'u‘l:;\\ :—.;:qlmw numbers
g
LY
T ) g we Zono e T e | R T we | #p ma

Time of doy Time of day
Heat pump COP \btinre of day s afunction of the amourt of water in Ihetark. Heet punpCOP  tine of day as a fundtion of ihe lurber of collector»

2.26 ,

Comakli, Bayramoglu ~ Kaygusuz (1996)
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- - C . .
s
-«
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£
=t * Esperimental
~= Theorstical
208
A A A 1

s N
e W W WS e B W 8w m 1
Time of day

Expérimentai and rimuylated temperature (7J) vs time
p o%ay, p (73)
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(M)
Kaygusuz, Comakli ~ Ayhan (1991)
5 1
2
3
4 (clual system)
.. 1990
(1) (COP)
(COPs8)
3 50-90
57
355

2.28

-
!
I
|
|
1
|
1
1
|
!
|
l
'
1
I
T
[
1
'

Schematic diagram of the dual source (parallcl serics) solar heat pump system.

Kaygusuz, Comakli

Ayhan (1991)

§ Oy e g S (A A |
-

1

Conditioned air
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5

2.30 ! (1), Jc, COP, COPs8
1990 ;  Kaygusuz, Comakli  Ayhan (1992)

Comakli, Kaygusuz, Ayhan ~ Arslan (1993)
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() | 14

Jair
Evadt |
b 2 vg_
| _l Expansion valve §
Evaporator Condenser
- r A
S "
Water circulating pump Compresor _J
lExll alr
Solar-assisied series heat pump system: nonstorage.
(v) Intet air l
'| co [
Hot-water
heater
Inle
Exporulon valve
Condenser
Exit "
air
Compruor f
water circulating pump _J
l Exlt alr
Solar-assisted parallel heat pump system: nonsiorage.
J* ]
() air
Toco [
Fan
o
h* 4
'-4 Storage
..'- Tank Evaporator Condensar
o
7
Compresor
ad
Water circulating pump
Exit alr

Solar-assisted series heat pump system with storage.
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Morrison (1994)

TRNSYS
2.34
1
Air llow Alr flow
- Dressor 1
1]
Solar i —_— [— - L Hot out
radiation ™~ ) ¢ 5 cylinderical
S ::‘:_‘ evaporalor panel i TX valve
i F—— l Jybmny Compressor
N ‘. Wrap-around o
—:,’ . condenser - ﬂ! [
B "] N - L, »Hot out
Nrﬂow,_j " Coid in e l
Solar evaporat ==
——
cotzzl.m'r | "] | Wrap around
p / | et | CONdl@ns 07
Evaporator h’;‘/
o ol /*:::::::E
Alr sulation k====T| Cold in
Solar boosted heat;pun(]p water heater with integral Solar boosted heat-ﬁéjmg water heater with integral
evaporator and condenser, condenser.

() ()

23 ()

—
~

. Morrison (1994)

CcoP

~Roof mounied evaporator
-=-|nlegral evaporator

1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Heat pump water heater performance with roof mounted and ground level wrap-around evaporator.
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Energy savings %

50 L )
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

= Measuremenis
— Simulation

Measured and simulated energy savings of a heat-pump water heater with roor mounted evaporator.

3 2%

; Morrison (1994)

cop

15f -

I 1 T — - 1 1 1 1 -l 1

= Measurements
~—Simulation

1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Measured and simulated coefficient of performance of a heat-pump water healer with roof mounted

evaporator.
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s 60 ...........................................................
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-=-Flat plate

g i -o-Heat pump

20 ..................................................................
E Cloudy eonditions

0 1 'l 1 1 A 1 1
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Heat-pump water heater and flat-plate H)'} é]
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Itions.

Morrison (1994)

on solar water heater performance during extended

(Thermosyphon)

Morrison (1994)
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5
4 ..........................................................................
a ‘Ws
Location and latitude
2 .................................................. G—Sydng'y' m dgg ......
- Darwin -12deg

4 -6-Singapore 1deg
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Performance of packaged heat pump water healer for different climatic conditions. Compressor
operation time limited to 6 A.M. to 6 P.M.

2.39 '
Sydney (Australia), Darwin (Australia) ~ Singapore

6 AM.- PM.;  Morrison (1994)
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