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Solar energy is carried by electromagnetic waves of different lengths.

As a wave, solar radiation is a subject to the same phenomena as any other
electromagnetic wave, i.e. reflection, refraction, absorption, polarization , etc.
Radiation incident on a body may be reflected by that body, absorbed within and
transmitted through the body and outside.

Share of each of those processes depends on:

* type of body (material),

* properties of its surface,

* distance travelled by radiation within the body,

* wavelength of the radiation,

* angle of incidence.

Radiation absorption occurs at different wavelengths . Absorptance a is therefore

defined as a ratio of absorbed radiation to the total incident radiation. ¢abs
o =—-
Total absorptance of a surface depend.:,O on the spectrum of incident radiation ¢mt
jal¢/1,totd/1
a =220
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a+p+t=1
Values of each of those three radiation properties may vary from 0 to 1.
Three perfect cases may be listed:
*white body, i.e. body which reflects all incident radiation, whose reflectance p = 1,

whiler=0and a=0;

*black body, which absorbs all incident radiation, whose absorptance a = 1, while
r=0and p=0;

stransparent body which fully transmits incident radiation, whose transmittance r
=1,whilea=0and p=0.

Clean air is considered to be fully transparent for solar radiationt=1
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Transmisivity, i.e. ability to transmit radiation.
It depends on:

* radiation angle of incidence,

e spectrum of radiation,

* polarization state of radiation.

It is possible to distinguish :

* directional transmisivity - in reference to radiation transmitted directionally,

* diffuse transmittance - referring to radiation transmitted in diffuse form.

Total transmisivity is a sum of directional transmisivity and diffuse transmisivity, .

Transmisivity is considerably affected by harshness of a body surface.

For example for a 2 mm thick glass whose one external face is grinded, and the other
polished, transmittance is 0.85 and 0.78 respectively, depending on which face is
exposed to radiation.
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Transparent body. Optics

Material’s characteristic :
7- transmitivity
p- reflectivity
o - absorptivity

Surface’s characteristic:
7- transmitance
p - reflectance
o - absorptance

afA)+p(A)+T (A)=1
a(A)=&d)

7=1,p=0,a=0.

Energy Conservation Law:
Kirchoff Law
Transparent body:
Opaque body:
1=0,p+a=1

Glass practically opaque for thermal radiation
@ jong w™ Elong w =1- Plong w
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Transmitance of transparent real bodies < 1 and depends on:

* incident angle of radiation

wave length of incident radiation ,
properties of the body

proerties od the body surface
thickness of the body

o 8)+p(9)+7 (9)=1

Optical parameters of a single pane glass

4 under incident solar radiation in a
- function of incident angle of the radiation
30 | 60 | o | ¢
the EU RTD Framework Programme ESF provides the COST Office

through an EC contract

n matd iy

9/6/2016



European Cooperation in the field of Scientific and Technical Research I I I
I I e

www.cost.esf.org

Building Integration of Solar Thermal Systems — TU1205 — BISTS

About 99% of solar radiation spectrum is visible radiation and near-
infrared radiation.

Wave absorption is conversion of wave energy into other forms of energy as a result
of interaction with a medium or body, through which the wave propagates or which
blocks wave propagation.

In case of light absorption, the radiation energy is converted into different kinds of
internal energy or into energy of secondary radiation emitted in a different direction.

In case of near-infrared radiation, absorbed energy increases internal energy of a
body, causing its temperature to rise -which may be used in solar heating systems
and may be further emitted away.

Solar energy absorbed by a body, or transmitted by a transparent body and then
absorbed by another body or a medium, is converted into heat.

Solar radiation may be reflected from certain body and may reach another body, and
get absorbed there and converts into heat
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Fresnel formulated a law describing reflection nonpolarized light incident on a smooth surface
and passing from a medium 1 with refractive index n, to medium 2 with refractive index n,.

He derived a relation describing reflection coefficients r, separately addressing component with
perpendicular polarization (s-polarized) r,; and that with parallel polarization (p-polarized) r,,

Fresnel Law - Reflection coefficient r - the ratio of reflected radiation /,
to the incident radiation /; on the surface.

: r‘i‘lﬁﬁﬁﬂ‘ltm“@_qtﬁm%@_@q

2 2(sin*(6,+6,) tan’(6,+6))

12 2
Snell law - relation of refractive indices of both media

n, _sind,
" n, sin6,
If the radiation strikes interface between two media as
normal radiation n—n 2
r(0)=| ——2
Passage of nonpolarized light beam n +n, n -1 2
through interface between two media If one of the mediais air n, —>1 r(0)= w1l
1
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There are three main equivalent concepts for
solving the repeated reflection problem:

* Rubin’s ray tracing method (1982),
* Edwards’s energy balance method (1977),
* Harbecke’s matrix transformation method (1986).
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1 r (1-ryr (11?8

/ / Reflection coefficient r

air

Transmission and repeated reflection
of radiation within a transparent plate

Equation for transmittance and reflectance

air
properties in reference to the s-polarized radiation ,
(1-rp? (1-r)2r? (1-r)2rt

the addends of sums constitute convergent geometric series

T, =(1—r;)2+(1—rs)2rsz+(1—rs)2rf+...=(1—;fy)2(1+rsz+if4+...)=(1—rs)22r2”
n=0

L |0 2\ 1+n 147,

P, :rs+(1—rx)2rs+(l—rs)2 r:+(1—rs)2 rj+...:rs+((1—r )zr)irxz”_
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Ability to absorb radiation within a partially transparent medium is addressed by the
Bouguer Law (Bouguer-Labert-Beer).

Transmission factor t, - ratio of radiation transmitted by the medium /,,,,, which gets
attenuated due to absorption processes within that medium, to the total incident radiation /,

Loas _ cx0) s
a = I il L= cos(@) L - the length of radiation’s path within transparent body

' (trpr? Aent o =(-r) 7, +(A-r)’r’t, +(A-r)’r'c, +(A-r)'r 't +..=

2 c 2n__ 2n
=(A=ryz,) 207"
n=0
= (=n) e+ (1=n) 0 (=)
O (A A
=) = (A=) ) 26 [P T )

a, =(1=r)(1-7)+(1-r)A-7)r7, +A=r)1=7)r’,  +

ey +(1-r)(A-zc )t +(A=-r)(A-z )t  +.=
o 2 d=nd-z)

1-rr,

(1-ry21, (1-r)2r2r 2

Repeated reflection in a transparent plate —((1=r)1 S
=(1- - T
including absorption (( ol a )) Z( pa )
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Repeated reflection at interfaces between the air and two transparent covers, taking into account absorptior]

Z
1 T P2 T1291922 T1ZP12P23

P1
\ /‘51(1192 /T1OL1P1P22/1:1a1p12p23

(o4
T \'1P1P2 Tpi’p2
T1p2 P12 T1pip2°
2 2
T2 T402P1P2 CICeRNR2
— ——

2 2
T1T2P1P2 T1T2P1 P2

T1T2
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_ 2 2 3003
Ts - TS,ITS,Z +Ts,lz-s,2 s,lps,Z +Ts,lz-s,2 5,1 ps,2 +Ts,lTs,2 5,1 ps,2 +

e T.T
4 4 _ _ 5,1%5,2
+Ts,ITs,2ps,1 ps,2 t+..= (Ts,lrs,2)2(ps,1ps,2) - 1
=0 = Ps1Ps

— 2 2 2 2 2. 3 2 3. 4
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2
. To1 Pso

+Ts,12p:,14p:,25 to.=pt (Ts,12ps,2)2(ps,1ps,2) =Ppt —p.p
n=0 5,152
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=a,, +7, (0, +a,,p )+, (o, +0,,0,,)P P +
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For the general case of n covers for the p-polarized component

2
Tppr P
pn=1 F~p
pp=pp,n—1+l =
= pp,n—lpp,n

After appropriate transformations for the polarized components

Www.cost.esf.org

2 2
_ A=)z, (l=r | _1-n
Ts_l_zz_z-a 1+ 1_22
KT, 2 KT,
The last addend in practice is very close to 1
—— T=7T,T
c a
For n parallel and identical covers total transmittance t,
T = l 1- rP + 1- & (-Ko/cos(6,))
n
2 1+(2n—1)rp 1+(2n-1Dr,
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simplifications for analyzing properties of transparent covers

a=zl-r, pr,-1,=7,(l-7,7)

In case of two non-identical transparent covers identical transparent covers

e e ) R
2|\1=pyp, » l=pip,/, 1-p,p, (—p)

1 T r” ] pr’
p=-—[p1+ e ] +(p.+—£LL—] E[p1+—£LL— p.=| P+
2 1-pp, » l=pip,), 1-pp, I=p

azé (a]+71(a2+a1p2)) +(a]+71(0‘2+a1p2)) ;(a]+71(a2+a1p2))

1-p,p, 1-p,p, 1-p,p,
a (1+p)
a.=|\o+t—————
a-p)
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In case of two non-identical transparent covers - for the outer one
=a, + + ’p+ p )+
6xs,out - al,s z-S,lo‘{s,lps,Z Ts,las,lps,Z ps,l Ts,las,lps,Z ps,2

. TslaslpSZ z-slpsZ
= al,s +rs,1as,1ps,22(ps,2 .ps,l) = al,s + = al,p 1+
n=0 l_ps,lps,Z l_ps,lps,Z

for the inner one

_ 2 2
6\(s,in - Ts,las,Z + Ts,las,zps,lps,Z + Ts,las,zps,l ps,Z +..

o0

= TS,laS,z (Ios,l ’ Ios,Z) = 1 a2,s 1
n=0 _ps,lps,z _ps,lps,Z

2-s,las,z _ TS,I
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optical properties for identical covers

a1= a2= a,' 1’1= 1’2= T, p1= p2= p
’z'-
Ay = 1+—’D2
l-p
_ T
a, =a 1

ESF provides the COST Office
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Key parameters of glass used to make covers

Characteristic parameter Common

glass (pane) iron content transparency glass)
Iron oxide content [%] 0.12 0.05 0.01
Refractive index 1.52 1.50 1.50
7 (along normal) [%] 79 -84 88-89 91-92
Thickness [cm] 0.32-0.64 0.32-0.48 0.32-0.56

Glass with lowered Low-iron glass (high-

ESF provides the COST Office
through an EC contract
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Changes of transmisivity of a glass pane system composed of different number of panes

Example based on data from Duffie J. A., Beckman W. A.: Solar Engil ing of Thermal P , John Wiley & Sons, Inc., New York, 1991, pp. 225

the EU RTD Framework Programme ESF provides the COST Office
through an EC contract

European Cooperation in the field of Scientific and Technical Research " I D
I I e

Www.cost.esf.org

Building Integration of Solar Thermal Systems — TU1205 — BISTS

According to Brandemuehl and Beckman the equivalent angle of incidence of diffuse radiation
on a tilted surface, for which transmittance is determined using isotropic model, varies from
55° to 60°

Equivalent angle of incidence of diffuse radiation on a tilted surface:

0, =59.68°-0.1388 3+ 0.0011497 p*

The equivalent angle of incidence for radiation reflected from surroundings incident on a tilted
surface used to determine transmittance varies from 60° to 90°:

6. =90°—0.57883+0.002693 3>
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Phenomena of repeated reflection between absorbing surface and its cover are
mathematically described by equation for total transmittance-absorptance product

- T
(ta)=ta) [(1-a)p,]" =—
Z (1-ae, 1-(1-a)p,
Solar radiation penetration inside cavity - the concept of effective absorptance is applied

. = a; a; — absorptance of surface of an internal absorbing element,
o 1 A, A, — aperture area of transparent surface (glazing), [m?].
a+(1- ai)j A, — total area of internal absorbing surfaces, [m?].

i

Share of solar energy, which passes through glazing and is absorbed by interior is described by
the effective transmittance-absorptance product
a.

1

Tcae/f = Tc A
o +(1-a), Z“
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Cover-absorber system, solar energy is absorbed by a tilted surface

I, =1,R,(ra), +Id(ra)d(#) +pg(1b +[d)(ra)g($)

Value (ta), can be assumed to be constant, with a value equal to (ta), for beam radiation
incident at 60° or for the equivalent angle of incidence of diffuse radiation .

In a special case of a vertical absorber with a transparent cover analyzed with isotropic solar
diffuse radiation model: (tat), = (tar), = (@) yg0-

1,(0) = L,(DR, (t)(za), + (1), 10.5]1, (1) + p, (1,(t) + L, ()|}
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From optics to heat transfer

Solar radiation is coming through transparent cover and is

absorbed by opaque body
the EU RTD Framework Programme FEIIEL e SR e T4
through an EC contract Ao
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Solar radiation is coming through transparent cover and is

absorbed by opaque body
P =AG
cover 't
IDabsorber = AcGtT })absorbed = AcGtTa

~ 4G,
G, = Irradiance on the tilted surface (W/m?2)
r = Transmissivity of the cover
a = Absorbtivity at solar wavelengths
A, = Collector area (m?2)

n, = Optical efficiency

ESF provides the COST Office
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Solar radiation is coming through transparent cover and is
absorbed by opaque body

P

absorber c
})absorbed - Ac Gt @
=~ 4.G1,

the EU RTD Framework Programme ESF provides the COST Office
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Hottel-Whillier-Bliss equation

0=A.F |:Gt770 ~U; (Tcz —T, )}

A = Collecting area (m?)

F, = Heat removal factor - (Overall heat transfer characteristics of collecting body - ratio of the
actual amount of heat transferred to the heat gaining fluid, to the heat which would be
transferred if the entire collecting body (plate) was at the fluid inlet temperature)

G, = Total incident global solar iradiation (W/m?)

17, = The transmission and absorption are angle dependent. As we are only considering a short
period either side of solar noon we use the effective 7,.

U, = Heat transfer (loss) coefficient from collecting body (depends on levels of insulation
behind back and sides of absorber)

T, = Ambient temperature.

T, = Collector fluid inlet temperature (efficiency rises with decreasing T, and falls with

increasing outlet temperature)

the EU RTD Framework Programme ESF provides the COST Office =
through an EC contract o
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The general energy balance

Q,, - heat rate input, W
Q,,; — heat rate output, W
Q. — heat losses, W

dT
Ve p—m=0u(1)= Qo (1) = Qs (1)
0=A4.F [Gﬁo ~U, (Tcz _TA):|

0,(t)= A.F' O(za)G (1) ~U (T, (t)~T,(1))]

ESF provides the COST Office - -~
through an EC contract Tl o
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B Energy balance n

Ve,p =3 (@, OGOAD-F CFY, O

AT, ()-T,, ()

dr,
Ve, p=-in = 1aG(t) 4,
=TT (04, R()

Tin=const = ﬂ =0 raG(t)Aw _ A(T:" — I:mt (t))
dt R(@®)

dr, _ AT, ()-T.(t) s
dt - ( RC ) \];'n (t) = ]:)ut + (I;n t=0 _T:)ut )e|: ARC}
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Energy transfer through glazing

solar radiation

qaut (t) + ‘Sgl,out (tX :1 q.gl,panes (t

£5,.,0) zyml\ S\ S0 \

qgl,panes (t I
. T.() =Ty 0 (1) T, ()-T,(t
D ous ®= L gt qin (t) _ gl,m( ) m( )
AcRout (t) Jout qgl Qin ACRI-,, (t)
Ta Tin
no solar radiation -

Tgl,out Tgl,in
qout (t) = q 1, panes (t = q.in (t) — —
- Ty in ()= Ty ()

qgl,panes (t) = A R ¢
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] (t)=1.,G i
qs() c,sz s() -.Sgl,ou Qin
Q\ Gs Qout Qg|
Ty b —_—
A N _’V\L\ \ \
Vv -~ AN

— ®.
Rout
®.
V'V Rg| Tl Rin T
Qout g Qin Ta Tgl.out gliin in
T, Tin Heat transfer model — simplification -thermal resistance method
T
S a@®=10-p-7 G(t)=4,, G/
Toiout Taim () =0=p )1_pz S0 =4y,;,-G,@)
- - P Sytou,z Syin
Syou®)=0=p- 7)(1 T ]Gx (0)=4,,,6,0)
I-p ot a
el Qy
Ty 1y, U,y h

VAYAYAN

Rout
Ry

o

T /\/\/\l |
R, 3 |
e %m NN

/\/\/ 1/hcon,in
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Heat transfer model: glass — ambient

T T t
S SN A0 M PR ] PO L
AR, (1) ’ (To () =Ty 0 (1)) AR, (1)
1 o ( 1 out (t) 1,in (t) ) o (t) 1 (t)
con (t) + = g anes )= 0’” - =
c gI (t) o« 1 -1 ( gl out (t) gl,in (t)) qgl,p ( ) AcRgl panes( )
80 80
4 4
]' hcon " (t) + € O-( gl,in (t) B T;’n (t) ) q (t) gl in (t) in (t)
c in (t) ’ ( gl.in (t) - T;n) " S o, c in (t ) Sum
qout (t) + Sgl,out (t) = qgl,panes (t) Toy P th qg‘ 1/h;,
AN A/\/\ AM
qgl,panes (t) + Sgl,in (t) = qin (t) w Teiout ]/\ Tein
T ‘ /\/\} Ih,, l/h
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qgl,panes (t) + Sgl,in (t) = qin (t)

con ln( m’ gl in (t)X gl in (t) )-‘r&' O-( gl m(t)4 _Tz"n (t)4) =

con gl( gl out (t) Tgl in (t)X gl,out (t) Tgl in (t))-'—l( gl,in (t) gl out (t) )+ Sgl in (t
1
& 8

o o

qout (t) + Sgl,uut (t) = qgl,panes (t)

hcon,out (T (l) gl out (t)xT (t) 1 out (l))+ € G(T (t) gl out (l) ) -

hcon ,gl, out( gl out (t) gl,in (t)x gl out (t) gl in (t))—fﬁ( gl,in (t) gl out (t) ) Sgl out, z(t)
— ==l
& &

o o
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Heat transfer coefficient for air cavity between glass panes

T @' =T (1))

T () =Ty (1) I o
N t — out in gl,in _ = hwn,g (t)+
Gatpmes ) ==y Ry @ R0 L L (1 ©7,0)

For vertical air gap — Shewen formula

1/2
A 0,0665Ra"> Y’
_ al.gap Nu=|l+| ——
O)=a)— . 1+(9000/ Ra)"*

Wright ,when ratio of an air gap hight to the width >20.

hcon,gl,gap

Nu, 5= 0,06738 Ra™/3 dla 5 10 < Ra
Nuj, gp= 0,02815 Ra®%#134 dla 10°<Ra < 5©10¢
Nu, o= 1+1,75967 ©100 Ra??% dla Ra < 10°

0,272

Ra

Nity 00 = 0,242
[ﬁ) Nugy=(Nuy 65 NU90) max

ESF provides the COST Office T
through an EC contract Tl o
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Heat transfer coefficient for air cavity between glass panes

For air cavity inclined 8 < 60° — Hollands formula

For heat transfer from inside to outside |

1708 J | (sin(182)""1708 ) (Ra.cosﬂ)m_l ’
Ra -cos Ra -cos 5830

Nu=1+ 1,446(1 =

For heat transfer from outside to inside

6 = (180°- 8)

the EU RTD Framework Programme

ESF provides the COST Office T
through an EC contract Tl o

9/6/2016

18



European Cooperation in the field of Scientific and Technical Research I I I E
I I e

www.cost.esf.org

Building Integration of Solar Thermal Systems — TU1205 — BISTS
Heat transfer coefficient for air cavity between glass panes

For air cavity inclined 60° < 8 < 90° — El Sherbiny -

| For heat transfer from inside to outside for 60° |

0,5 osa 7T
T ] 0,093R
G= Ra ¢ 0.1 Num = |:1 + (’a] } Nuz,so — 0,104_’_% Ra"™
{1 + [—) } 1+ G H
3160 .
h — N cav
Nu60=(Nu1150, NuZ,GO)max ‘con,60 Uy —

cav

|For 60° < B < 90° - direct linear interpolation |

h,, 5= By oo + (hm o=l 90)_ (M) For10°<Ra < 2107
: : : : 30 and 5 < (H/L) < 100

For heat transfer from outside to inside for 8 < 90°-- Arnold formula

Nu, =1+ (Nu,, —1)sin B

the EU RTD Framework Programme ESF provides the COST Office T
through an EC contract TR
European Cooperation in the field of Scientific and Technical Research - E D E t
I I —— L www.cost.esf.org
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Heat transfer coefficients from outside

Heat exchange through convection occurs between the face of the receiver, i.e.
transparent cover or absorbing surface directly (if no cover used) and ambient air.

Convection forced by the wind:

Reppou=a b u a=57W/(m?K); b= 3,8 [W/(m?*K)]/(m/s)

a,b — ref. Mac-Adamson

R o ous = 5-8 W (m? K) for u=1[m/s] or

Bepsoue= 8.8 W (M2 K) X for u =2 [m/s]

ref. Morrison

Mitchel Formula for for entire building subjected to influence of wind

Nu = 0.42 Re%¢ Re=ul/u

Thermal radiation: outer surface — ambient

s 4 ma
0= 1, 1) Aol ) Al
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Rl'2 = Rra,sky Tsky
Tin
NANCANA-O—
11 1 | R, | Rs
Rflz B Rison ! R, | Ri | R
34
L = 1 1 — R34ra + R34con
Rw R34con R34ra R34conR34ra
-1 -1
1 1 1 R,R,
= —+—J +R, +[—J =—1212_ LR +R,
R, R, R R, +R,
Thermal resistance method - stable state
1
U=—
RL

the EU RTD Framework Programme

ESF provides the COST Office -

through an EC contract - I:\:-_\.'E,l:' -

(8]

High thermal capacity

Ve, [J/K]

the EU RTD Framework Programme
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Temperature field in an opaque element of a wall

O,(xt) 0T, (x0)
a =dy S 2

pi

Referring to the thermal capacity Mc,=Vpc, [J/K]

Building materials

2
Loge, ) TnD 5 CTnC00
V Pt d Pt d(:p‘-z
—> —>
Ay in qx,out
High thermal insulation a X
=—A— d]x
q. ox q,+ P dx

6 [m]

A [W/mK]
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