2.1

2.11
(radiation heat transfer)
(molecular vibrating energy)
Tfelectromagnetic wave)
(speed of light: c)
(not require an inteivening
medium)
(independent of direction)

1 Maxwell (Wave Oscillating)
(k) (V) c=AV(
c0=2.9979 * 108



(k =0-00 (thermal radiation)
0.1-100 2

«

warmer emitting surface cooler emitting surface

(wavelength)

2-1 2 T1>T2

( ' Moore, 1993: 13)

(Wavelength,A: [im.)
]DIO 109 ].0 10\ io* [0 '0‘ 10 ]ﬂ'ﬁ 10

Thermal
Radiation
-------- Rodor, TV, ond Rodio— Jl\?iglrgt Gerl(r)nr:a
Log S Fal_Hgett stn— fr.. XS Y
waye WO\_/e Infrared Infrared  Visible
racio radio 25-1000 0.78-25 038-0.78
2-2 (the electromagnetic wavelength spectrum)

Kreith and Mark, 1962: 62

2 " (Micron)” 1 1Jim. = 106
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212
absolute  zero

(0°K, -460°F  -273.15°C)
193 2

(solar  radiation short-wave

radiation)
(terrestrial radiation long-

wave radiation)

/(rn-"m) Btu/(h-ft // )
2m l | ................. 7w
A i i e a - o« & T
& [‘k ! NMTUHIIAAMNDINALURNTULITENTIALI|]N
(ST 2000 — s - : -
C O | Y Ty a o & i
b g / \l/ msutsa@naaguunulan '
S 1500 f Afr - g ..
* ® 7] |
.g @ ! i 1 | ¢
e & 1200k £ MEEIN L fifdasfiaanyeueaiiu ) -| 380
=X ¥ scppl
@ 800 i g
g5 {0 :
£ 3 e e, S Yool
7 Q 400 R i +
1z & ~ [ = i N
4 0 AN ! 4 f b | um
a2 03 04 06 08 18 2 3 ' 4 56 8 10 20 30 40 S0
fidnaudusinananiing miuu'ﬁiﬂnaofl?fﬂduﬁufan
(Short-wave %349 Solar Radiation) (Long-wave wre Radiation) - - -
tenRufiRAuTeY

(Wavelength,A: )
23 ! |
( , 2543: 10)
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2121

. 033Xm
2-3
2-1
21
1 (ultraviolet, UV) ~ 0.20-0.38 Jim. 9%
2 (Visible light) 0.38-0.78 38%
3. 0.78-3.0 Jim. 53%

(Near infrared ray; NIR)

2122

‘Long-wave Radiation is radiation originating from sources at temperature near
ordinary ambient temperature and thus substantially all at wavelengths greater than 3 (Am.
Long-wave radiation is emitted by the atmosphere, by a collector, or by any other body at
ordinary temperature." (Duffle and Beckman, 1991:47)

3 , II I 3 1 n
(Long-wave Radiation ~ Terrestrial Radiation)"

(Gieger, 1965
, 2540: 13)
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(homogeneous body)

(absorption: a) (reflection: p)

(

2540: 7)

P +a

1
+T=1

3 (opaque hody)

(solar absorptance)

(long-wave emittance)

“Surface phenomenon”

1 2540)

=1

2-4

15

(transmission: T)

1Jim. o

(Dew Point)
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fa «
reflection: P
(Solar Radiation)
s v a
ﬂimwsaunmaain
Long-wave Emittance: €
absorption: CL
P +a =1
2-4 1

(Long-wave Emittance: ) (Long"wave Emittance for Condensation)
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22.

“radiative cooling"
(method of rejects heat)

(to cool the building)

1 (material’  surface
emissivity)

2, (sky radiation)

3, (heat convection)

4, (heat conduction)

A \HHHE
3 (Sky Radiation)

nwmrmw?aﬂni’adﬁaaﬁ'l
> Emigsion to Sgace
1

(T-Convection)

(Surface of Material)

(Material)

(~4n (T-Conduction)
2-6 (Radiative cooling)
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221

(Imaginary Plang)

(Solid Angle) ¢
(Radiation Intensity)" 2-1
(Imaginary Plane) (Solid Angle)
‘ (Radiation Flux)"
(watt/m2) (Btu/ft 2-8
bA | NORMAL TO PLANE

A® = yunszyiz (solid angle)

P S o
AA = WuRaA18598

Aw

X o
STUTUNWUNI(Imagery Plane)

NN 2 - 7 uaaanuidngean1smeNa (schematic of radiation intensity) fNn: Beckman, 1991: 154

AP
AA Y- AAcos6
AA’ = RuBneused

g a
AA = Hufiapaesed

2-8 (schematic of radiation flux) ~ : Beckman, 1991: 15
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a - L - a
NFAIRTIFULUNNAANNNI NSANETIFUULANANTS

NA 2 - 9 ANUENITANRENIINIAY (MN: Siegel, 1972: 43)

o
5 (Blackbody)” Stefan -
Boltzman (
)
B 1A
(radiant energy of blackbody)
ot = U4

(radiant energy of actual surface)

(Beckman, 1991; 156)
Q = e AR -TY)

-273°% -460°F
6 Blackbody (perfect emitted = 1)



0 (A Aj-0)

®enit EXCTE*AX(T - 1
a Stefan-Boltzman
= 567 *108wim2k4  0.17 * 0" btust2hR4

A
_m ] _ 2 (surface temperature)

F (angle factor  shape factor)

1 1+ 0cos(d)

2

2.2.2
(non-uniform temperature)
(X< 3Jim) (X> 3Jim.)
(non-spectral hemispherical)
6.6 18 Jim.
C02 15 Jim,
(sky radiation)
blackbody

(infrared thermal radiation) 8-14 Jim,

(Kruskopf 1980: 4)

20



"atmospheric  window"

Spectral Intensity; W/mz)

2-1

Solar radiation

Horizontal surface, elevation angle

30°, Mean sea level, Solid angle of
100Ch- Sun68x10°™
g " D
0, JTLLH
= i Solar radiation
800 4l -
W/o molecular
]i absorption
~
o
k HyD
’; /4 Nzo
\ 4
1
X
H}O
"1 (9;
"\
St e

1 %

2

KStiiiftntn* a0 TrtWBUINiJ
- tH Ifilfll *3188 'l

pal

Atmospheric reradiation
Horizontal area Sea level,

solid angle of atmosphere 2

q ster
Son 10.C0
L]
o Principle infrared
4
/ ! atmosphere
~ "\~
] ihe window
[ S 3 yd
l-; i
." & .
ol i |
[} L]
K 1
& '
L Ij .
R -
el i
| e |
[ R Ak
o Et \
e T e,
w2 50wl

(Wavelength, A; fim.)

21
8-14(1

atmospheric window (Finger, et al, 1

979 Bansal and Hauser, 1994: 23)



ANe
~+

NARNNTUAINNT
Spectrg Inte

s

2-2

hack radiation”

22

| 1 Atmospht!re WindovJ s
I 8im > 14 Um
SV0OK
N\ Blazkbody

fa )= N -

| X |
2 /B [O 15 A,

(Wavelength, X, jam.)

(clear sky)
300°K ( Kruskopf ei al, 1980: 53)
‘atmospheric
3-8 (am. 14 . ' (Givoni, 1982:133-134)
4-5
(
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223

R=062)

T Convection

///—:\\\\_./}
(Still air) R =0.62 (Moving air) R = 0.25
2- 10 ( ) !
' (convection

coefficient)

(Givoni, 1994: 92)

Qconvection = hc (Tr. Te’




Ta
he
2538
T  2542: 41-55)
6.00 . 2-2
2-2
(18.00-6.00 )
2-15 |
(\ fillip
C L
2-10 /
]
« ) 1 ]/// \
Y /
1-4 |
/
¢ §lpjp L
2-3 /
A
( ) \ 1

(

he= 0.6 + 0.35(V)°5

18.00 .

24
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11 _ n f 6(
, 2536: 35-36) 2-3
2-3
I,
0 1 2 (calm)
1 13 2-6
(light air)
2 4-6 7-11
(light breeze)
3 7-10 12-19
(gentle breeze)
4 11-16 20-30
(moderate breeze)
2-11
«
////—\\\ /,,/%’ AR UNNSIAN-NHAINUS

AN 2 - 11 ﬂuuﬁgwunfmﬁmﬂ?mmmﬁwmmmuwmmﬁ'ﬂ\:ﬁﬂmqumnﬁiwn"u

6 (Beaufort Wind Scale) 13
- 12 2348 ( , 2536: 35-36 )
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rondcion - MTa-Tn)
L

o Tr
Ta

(1 20K

26



ANFUT - ACRIRJIr

Qoo cioorvec: — Qr=datian
h(T-T) +K(T,-T, - EGF*A*(TL T)*
L

Minimized Maximized
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231

(solar absorbtance: (X)
0.3 -3

a - (Adsorbed radiation) =
' (Incident radiation)

FERlATY
I, Incident Spectrum

F@ngaduld
5, Absorbed

A

t

28

0 ANENIARY (Wavelength, A; lm.)

2-12
absorbed radiation)

(distribution  of
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232
(long-wave emittance: 8)

3
!
Planck (Total Emissivity)
(Spectral ~ Emissivity) 0.0 (no Emissivity
possible) 1.0 (ideal maximum-a” blackbody”)
8 = (Radiation from surface) = C
(Radiation from blackbody) D
Ex
NsAE5IFERITANAT
Ej,, Blackbody Spectrum
’
4 F@fageananian
c Ej, MemuuaiieniAnils
0 R
0 ANENIARY (Wavelength, A; um.)
2-13 (Distribution of emitted radiation)
2
(Kirchoff  Law)
=1-P,
8t=
pt=

7 Blackbody (perfect emitted = 1)
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220 y

y £ ) 13 1 2~ wm12
1 (natural materials)
, , 0.94-0.99
0.90-0.95
2. (man-made materials)
(electric materials) ~ polished metal
0.01-0.04
(dielectric materials)
0.9-0.98

(coating) anodizing, painted powder
coating

« « 8 =0.97 «
(Polished Surface) =0.02 8=
W 2- 14
8 0.9
0.1

2-3



(Emissivity: )

0.9
08
0.7
0.6
0.5
04
0.3
0.2
01

1

White Paster

0 01

2-3

* Anodized Aljminum

V
Alum num Foil
02 03 04

- Anderson, 1977: 354-355

(metal)

05

(Blackbody)

0

0  Ashestos Boa.rd ' DO

]
Lo A

06 07 08 09
(Absorptivity: a)

(non-metal)

31
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P 40°
( 40 )
( 2540:94) 2-15

3o 0°< (Jd5 |
) (4 )
0 3= 90° 2-16

60 50 49 . 200 30 __ 40_50__ 60
= T \ BaS % %
FAT /XN LXK

1A /RPN Y0 3¢

o[ // AN S T AN A e N T

//// NN Mn "
/\_ o AL y ' ~
gol/ ./ Ni, POLISHED SN X\ 2o 80
T N m"f\") ' . "\'%’, AN\
7 SR 25wk
L/ (? {/\/" : l

12 .0 .08 06 .04 02 O .02 .04 .06 .08 .10 .2

AIN1SAEISIA €

ATNISAEISIA €

'9.16 (Dielectric) (]3)



Low emissivity

High emissivity

EOI

(average emissivity)

Zinc

Silver polished
Aluminum polished
Copper polished
Steel polished
Stainless steel polished
Oil paint (all color)
White acrylic

White enamel

Red primer/red lead
Teflon

PVF

Grass, high and dry
Ashestos cement
Concrete

Anderson, 1977: 352-356

(polished finish)

(patterned finish)

0.02-0.05
0.02-0.07
0.04-0.06
0.04-0.05
0.08-0.14
0.17-0.30
0.92-0.96
0.90
0.90
0.93
0.85-0.92
0.80-0.88
0.90
0.95
0.88-0.94

33
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3, (coating) 02 (oxide layer)
(physical and chemical contamination)
( )
anodizing
(enamel on aluminum) 1 polyvinyl
di fluoride (PVDF coating)
powder coating

(polished aluminum ) commercial finish

aluminum anodized
lO T T T T T
BV - R R I e
8— ALUMNUM‘ oy
- ANODIZED g
& o <
orR 1
Q)‘ 'S T
14'_ R
- ALUMINUM, -
ol— COMMERCIAL |
. FINISH ]
— ALUMINUM, =
i POi_ISHED o J
L y & L 1 i
% 5 a 6 8 70
A(MICRONS)
2-4 polished aluminum /commercial

finish aluminum anodized aluminum (Dunkle and et at 1953 sparrow, 1978: 37)
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(Dunkie and et al, 1953 Sparrow, 1978: 37)

(anodized aluminum) ( 8 . )
anodizing
(highly polished
aluminum) 0.04 - 0.08 commercial
finish aluminum (contaminate)
3
(white enamel), (gypsum) (fire clay)

.0 r T ] T I T I
8 ]
WHITE T
L PLASTER
| ENRQRL (GYPSUM) -
€ i o —
A6 FIRE CLAY, WHITE]

1

m _—
a,
4 2]
2 =
_——V——/ —
O’_ 1 J 1 I 1 l 1 ] 1 l 1 1 j 8 l 1 J ad J )
0 2 4 S 8 10
A (MICRONS)
2-5 White enamel, Plaster

(gypsum) fire clay, white (Dunkie and et al, 1953 Sparrow, 1978: 37)



Sparrow, 1978: 38)

spectral)

2.3.3

(short-wave absorptance: oc)
2

36

(visible wavelength: 0.5 fim.)

(

0.90

blackbody (Siebler, 1941

(actual surface)

0.90

(selective surface)

(long-wave emittance;8)



3

1. al =
solar collector
2. al =
(to maximize net long-wave radiant heat loss)
(high long-wave
emittance) 8-14 Jim. (atmospheric window)
(low-solar absorptance)
1
©
« «
Long-wave Radiation
1
t
3 8 14 -100 Jim
Azlim
2-17
5 The
Commonwealth Scientific and Industrial Research Organization (Mitchell,

1976 Givoni, 1982:44)

anodized aluminum 4 10Jim. ( =0.84)
aluminum with sodium silicate layer
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aluminized tedlar sheet
white paint (8 = 0.92)
black paint (8 = 0.90)
anodized aluminum 8-14 jim,
3 anodized aluminum, aluminized
tedlar sheet  black paint ( 6-8°C)
8-14jim.  anodized aluminum

polyvinyl fluoride on aluminum (Tedlar)
polyethylene film wind screen
12°c 15°
(Catalonotti et al, 1975: 83-89)

aluminum 0.Imm.
Tedlar sheet polyethylene windscreen
(ordinary surface)  Berkley
12.5°

paint aluminum plate (ordinary surface) 35

Tedlar sheet polyethylene windscreen (selective surface)

3.3°

( 9°C)
(condensation) polyethylene windscreen (Sakkel et
al, 1979 Givoni, 1982:44)
white paint anodized aluminum
8 jam. 3-8jim.

black paint ( =09)  white paint ( = 0.92) selective



3

surface Anodized Aluminum (8 = 0.84)  Nevada Desert Research Institute
(Miller and Bradlay, 1979 Givoni, 1982:44)
( 5-10°¢)
5°C
anodized aluminum (selective surface) -12°C
black paint  white paint -10°C
T T A ]
i N
=T E
& 6 =
OR _:
a, T
4 —
5l e o
I _— o a
OO 1 1 1 12 s l " £ - % LJ " é : l ' o
A(MICRONS)
,2-6 white paint anodized aluminum ( ) Dunkle

and et al, 1953 sparrow, 1978: 37)
aluminized polyvinyl fluoride (PVF)  white painted
Lawrence Berkley Laboratory (Kruskopf et al, 1980 Givoni, 1982 44)
6°c
Ordinary Selective  Surface
polyethylene windscreen (Landro and McCormic, 1980 Givoni, 1991:99)
white paint (ordinary surface) 10°c
aluminized PVF (selective surface) 14 °C
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1.0
@ White paint, meosured
O 12 micron PVF + A meosured
0.8
o 06 \\ =
(8]
o
2
= \\ \
&=
w 04 \\3{\_ _____ =
02 - o iy o, s AR WA & i ] e e
o} \
0 R o
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Dimensionsless temperature difference
2-1 PVF

White Paint (after Landro and McCormic, 1980)

(net cooling power: [ 2

3°C white paint PVF (selective surface)

8

13 (10
) 1970
(Boon-Long, 252)

8-13 |1 . (spectral emissivity) 0.42

( ) 081 ( )
(total ~ emissivity) 0.77

( ) 087 )
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ideal cooling
surface

20/ 2

50 / 2

zno 0n oxidized stainless Steel
white paint coating on aluminum
white paint on steel

Tedlar-covered aluminum (Catalanotti, 1975)

inflAt SHQFACF
/——leo ON OXIDIZED STAINLESS STEEL
s WHITE FAINT COATING ON ALUMINUM

(Emissivity;8)

y | — WHITE PAINT ON STEEL

CATALANOTTIL (97 )
TEDLAR-COVERED ALUMINUM
N ‘/

LI - ' ‘wavelength; Jim.)
5 8 10 14 15 25
4 28 3 (Boon-Long, ,d)
ideal selective radiator
8-14 Jim. 0
( ideal surface  AT=0
, ) ideal surface

At=32°C 9.5°C



2 1.977
(23
, 2533)

3.4°

ashestos cement
(humid climate) .. 1964

.- 19 .. 2533)

23°C

(radiative efficiency)

Hafia

( 5.
(Givoni, 1994:11)

55

54-58%

42

0.4-
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vAg¢
3k | «

Outdoor alr temperature

White Washed
Grey Exterior

£ I 0 T 1 53 £
8 12 16 20 24 4 8 12 16 20 24 4 8

HOURS
2-9 (Givoni, 1994:11)
( 2:5)
25
Short -wave Absorptance 0.94-0.98 0.20
Long-wave Emittance 0.88 0.91

- Anderson, 1977: 354-355



2.4

1°F
(specific heat)

(heat capacity)
1

Btu/ft3 F (heat capacity = (derioity) *
thermal storage capacity = density* specific heat *conductivity)

44



2-6 W Low, Medium ~ High Mass

ific hest
Mterdl Sqieaetu/ lb. °F

Low mass (steel) 0.12
(aluminum) 0.2
' 0.39
Medium mass (brick) 0.19

High mass 015024
(limestone) 0.19

- ASHRAE, 1997: 24.4-24.7

2-6

0 = nr*At
( : Bansal, Gerd and Grenot,1994 :42)

Q - kI Bt

(specific heat)

1 F

Dersity
® b/ t3
450
1711
35.6-41.2
120
144
180

Btu/lb. F

45
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(angle factor)

(radiant energy) (0 angle of incidence) 215 Btu/h*ft2
(cosine 60 = 0.5) 1375 Btu/lh*ft2 (Moore, 1993 14)
18

e q“'f'e’ﬁ.\éé;
angle of j"': S s
incidence

cosine = 0.5

level glass collec!s Vilted glass collects
LO ounce per hour 0.5 ounce per hour
2-18 cosine (water glass analogy)

Moore, 1993: 14

46

60
).



IS
<

u

L)

«

(P)=0°

rrve

B> 90°

cresvervave

(0.5<Angle factor<1)

4
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UUITED

=
(&
=
s
g
g ;
- Liftyuidngvasih  §
yuaaides () = 90°
""" V-« -
3 (Angle factor = /2 Hemisphere)
2-19 (angle factor) 1-3
(hemisphere)
0
(surrounding) 90°
angle factor: F concept of configuration

factor

(3=90°

Angle Factor ~ Shape Factor
L (1 +cos[3
_ T( [3)

(3=0°) (angle factor = 1)
(angle factor 0.5)



2.6

, 2536: 19)
5
(Troposphere)
(Stratosphere)
(Mesosphere)
(Thermosphere)
(Exosphere)

(enclose surface)

(outer space)"

49



50

100 e 0.0001
iR 0o
80 - nedluaied
_ ; wildnad S
-937¢ ‘
£ wilgafes v «é
< (K
g W~ =
< g
- PO\ ) it 5 AR IRy
g T g
€ c
40 «
ans laaifes
20.
..................................... 100
Fns’l‘wiﬁlsi —_—
1 | 1 1 e | |
-100 -80 -60 -40 -20 0 20 40
2-10 ( '
12536 1)
| (Troposphere)
12 (25,000
60,000 )
6.5°C ¢ (Tropopause)

-80°C -55°C
, 2536: 1-2)



tv 1 (Stratosphere)

55
-45°c  -65°C
’ (Stratopause)”
I (Mesosphere)
55-80 ! "
(Mesospause)"
-140°
! t (Thermosphere) ' 1 (lonosphere)
80-800
(
) ¢ I (lonosphere)"
(D-layer)  (E-layer) (F-layer)* 1
1 ' I (Exosphere)

800
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(condensation nuclear)”

9
1 (clear sky)
2. (partly cloudy sky)
3, (overcast sky)

0 -56°% -56°c




-56°¢

ST s
fuuinaulaw

a o o]
anunaiiadaauulan 28%

- al -t
NSN3 ANIWNDINTHLNHHN

2-20

(non-uniform) zenith angle
(Horizontal)

(Effective Sky Temperature; Tsky)

E =
Ta
Y —  0.74140.0062 To  (Berdaul, 1987:4)
Ky —  0.787+0.0028 TP (Givoni,
9 (Transparent Body)

( , 2540: 8)

53
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(Ambient Temperature) ( inbank, 1963
Duffie and Beckman, 1980: 123)
TKY 0.0552Ta 1S
25%

[ (Water Vapor)
Dew Point  (Brunt, 1932 Bliss, 1961
Duffie and Beckman, 1980:122)
To= Ta[ 0.8+ (72-273)7250f 4
25%
10°
30°

(Radiative Cooling) 8-13 |

Tsky= 1+ [0.711+0.0056Tp+ 0.000073f+ 0.013cos(15t)f4
(Berdahl and Martin,1984 Duffie and Beckman, 1991:158)

Dew Point -20°c 30 C
5°C
30°C

(Effective Sky Temperature)
( , 2525)

N

X
Toky~ Ta- 20 $ )
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tsy

(Non Uniform)
(Unknown - Factor)

K= SCTFA
Q =£CJFA(Tr- Tspace/ = (Sky Factor)* 8GFA(Ta- T, 4
Q=K(Tr- Tspace)4- (Sky Factor)*K(Ta- /

(Clouds)

2.7

(coating surface)

(Tropical Staining)
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8-13 flm.

56

< - =l
HARIALDEN B VILURUCEHU

(Storage)

2-21

1 ANuGRY / AN € g9

. HIRASURE

a &
sUuuunsAnAs
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