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Derivation of a tube solar collector transmittance
for beam and diffuse radiation
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Abstract

An expression of the total directional ray transmittance for a tube solar collector cover glass has been derived. Numerical hemispheric
integration has been made for both beam and diffuse radiation. From the equivalent solar altitude angle we derived an expression that give:
the equivalent altitude which can be used to estimate the average transmittance of a tubular cover glass using the mean beam transmittan
expression.
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1. Introduction analysis introducing the ray refraction effect [6,7], but
maintaining thaw/ D ratio equal to unity.

The transmittance of a flat plate solar collector cover [N this paper, the average transmittance of a tube solar
glass, for the beam solar radiation, has been derived earlycOllector cylindrical cover glass to the beam radiation, for
by Dietz [1,2]. Later and always for the flat plate case, different collector tilt angles andv/D ratios, has been
Brandemuehl and Beckman [3] calculated both ground evaluated using Felske [5] approach but considering the solar
and sky diffuse solar radiation transmittance. To avoid ray refrag:ﬂon effectg. Neglecting th? thermal deper?dence of
the hemispherical integration, the authors proposed two the phy3|c_al _p_ropertles ofthe materla_lls and assuming a tube
formulas giving the “effective incident angle” which can be length as infinite the average transmittance equation, for the

used of the diffuse transmittance estimation, applying the ?eabmtﬁn?(diﬁu(je radizﬁion, has been integrated numerically
beam algorithm. or both sky and ground sources.

At the same period, Felske [5] published a method to . Qn the other_hand, since the use of the equivalent
determine the average transmittance of a tube solar coIIectOth'c.jence angle is .not adapted for a curved surfaces, the
cover glass for a beam solar radiation. Neglecting the solare.qu.'va.Ient solar altitude has been chosen as parameter of
ray refraction effect, Felske derivation was limited to the similarity.
case where theav/D ratio is equal to unity. The mean
global transmittance is then calculated after integration on . . o
the surface tube. For the longitudinal direction the Felske 2 OPtical propertiesof acylindrical cover glass
hypothesis are the same as those taken for the flat plate _ )
transmittance derivation [3,5]. Further works extend the Lt us consider a tube solar collector with a flat plate

absorber. Applying the relations derived by Fresnel, the
reflectance of the first interface of a tubular cover glass
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Nomenclature

A coverglassarea............cooiiiiii m B collectortiltangle................... degrees
D external cover diameter ................... m y collector azimuth.................... degregs
E collected solarenergy .................... , W0 solarincidence angle ................ degrees
1 Solar rad|at|0n ...................... Y- 0 g|0ba| cover reﬂectance
L collector length . . R R R RERRRRRR m . global cover transmittance
R externtil]l_clc()ver radius...........ocooevuenn.. m oo cover glass average transmittance using the
e cover thickness.....................ooo m hemispherical integration
h solar altitude, degrees . .
k extinction coefficient ................... Th Taz  coverglass average transmittance using the
I optical distance m equivalent solar altitude
n average refractive index &n projections of the incidence angle..... degreges
r — w/D ratio ) integrationangle .................... degrees
r1 andry interface reflectivity Subscripts
collectorwidth................ ..t m . .
w b andd for beam and diffuse of the solar radiation,
Greek letters respectively
A =% 1 —Tg2 // and_L for parallel and perpendicular radiation
o solar azimuth, global absorptivity . . . . . degrees component, respectively
un(lr)’ (o)’
I‘1
1 Tl
0,
0,
0,
0 Tube glass
4
\ Air
\
Absorber
4
[ w
D
Fig. 1. Collector cross section and ray tracing application.
with: For the second interface, we have:
tanZ(el_gz) = (}"2// +r2L)/2 (5)
= e 2 .
Y= tart(61 + 62) @ ith:
Sin(61 — 62) tarf (63 — 6a)
T 3) = 6)
YT Sy + 62) @) /"~ taré(6s + 6a)
sir?(63 — 6
and r21 = M (7)
Sir?(63 + 6a)
n1sSinfd1 =nasind2  (Snell’s law) 4) n2SiN03 = n1 SN, (8)
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On the other hand, we can write (see Fig. 1): 3. Incidence angle
Dsingz = (D — 2¢) sinfs (92) Let us now consider a tube solar collector exposed to
from which: solar radiation with a tilt anglg, from the horizontal, and

) ) an azimuth angles, from the south direction (Fig. 3). ¥
Dsinfy = (D — 2e) sinfy (90)  represents the unit vector of the solar ray direction/atite

Using the Ray Tracing Method, the optical properties of a unit vector normal to the cover, at the point of the incidence
cover, for the parallel component of the radiation, can be SClar ray, the incidence anglewill be given by:

expressed by [4-6]: cosd) = 7-3
e . = coshsin(a + y) siny
. _ _ 2 i—1
o =Tl =ry)(d=rzy) X;(T“ ryr2)) + [sinB cosh cosw + y) + cosp sink] cosy (12)
i=
_. (L—r1y) A —ryy) or
— ta
L—cfryrey (10)  COS9 = Xsiny + ¥ cosy (13)
py =riy +t2ra(l— rl//)ZZ(razrl//rZ//)”l i”, j” andk” being the unit vector of the Cartesian axis
i=1 systemX”OY”, the projections of the incidence angle on
4 t2ra (L —ryy)? the planesY”0Z” and X”0Z", namely ¢ and n are,
=Ty T T 2r1,12,, respectively, given by:
Assuming that the cover is a partially transparent medium, 1'7’ -5 cosh sin(a + y)
o ; . tang = =—— = - . (14)
the application of the Lambert—Bouguer's law [4] gives (see k’.5 coshsinfcoda + y) + sink cosp
Fig. 2): i".5  —cosh cosp coga + y) + sinksing
_ —kd/coss tann = =—— = P - (15)
T, =€ (11a) k'3 cosh sing cojo + y) + sink cosp
where:
D 4. Averagetransmittance to beam radiation
d= > [costz — (1 — 2¢/ D) costs] (11b)

The incident energy transmitted by the cover and received

The cover properties for the perpendicular component are by an elementary surfaceidof the collector is given by:

described by similar formulas. The transmittance, the ab-

sorptance and the reflectance of the cover are obtained fronflE = I,7(0)s - 1 dA = LRI, (9) cos dyr (16)

the average of the respective properties for both componentsand the energy which would be received by the same
elementary surface in absence of the cover, can be expressed

by:
AZ
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Fig. 3. Schematic representation of a tube collector exposed to the solar
Fig. 2. Optical distance for a tubular cover glass. radiation.
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Then, the average transmittance of the cover will be equal
to:

1 Y2
7(0) = — | dE
7(0) E,
Y1
1 V2
= ——— | LRI, 1
Lwlbcosea/ »T(0) cosd dyr (18)
Y1
After rearranging, we obtain:
R V2
7(0) = —~ / T(0)(X siny + Y cosy) dyr (19)
w
Y1
The integration limitsF; and¥, being equals to:
Y1=§
20
{1ﬁ2=$—91 (20)

The incidence angl#®; is the solution of the following
system of equations:

sing
— 1 _1_2/D
SNy
sing, 1 . .
4 _ “co 01— & — 04+ ( arcsi n SN (21)
w/2 R nz

n1 .
—sinf;
np

R

This system of equations is solved numerically using an
iterative method [9].

Fig. 4 represents the average transmittance of a tubular
glass cover exposed to the beam radiation as function of the
collector tilt angles, for « = 0 andh = 0 to 90 degrees. We
can see the average transmittance vary asymptotically to its
maximum, with the tilt angle, which is 0.9 for the considered
tube glass.

Av. Transmittance

. . . . \
40 50 60 70 80
Collector tilt angle, deg.

L
20 30 90

Fig. 4. Average Transmittance of a tube cover glass for the beam solar
radiation atz = 0 (with D = 0.077,w = 0.038 ande = 0.0025).
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5. Averagetransmittanceto diffuseradiation

For the diffuse radiation case, Eq. (19) becomes:

Sy dE_ [nJ7 LDIat®) coss g2 dy
J-dE; I\ L4 cost,, ds2 duw

Replacing the solid angl® by its expression, we get:

anfAthff LDI,7(8) cosd cosh do dh dyr
S oS L1a cOSH, cosh do dh dw

If we assume that the diffuse radiation is isotropic, the
average transmittance of the cylindrical cover for the sky
diffuse radiation is given by:

(22)

7(0) = (23)

2t 72 Y
D
o [ [ren
w
a=0h=hm yr,
x co h sin(a + y) siny da di dyr
27 w2
x|:/ / cosh[sing cosh coga + y)

a=0h=hm

()

-1
+ cosB sinh | do dh}

+ cosgsink]|
x COSh cosy do dh dyr

2r 7w/2
x|:/ / cosh[sing cosh coga + y)
a=0h=hm
hy =0 fora=—-m/2ton/2 (frontface)
hm=pB fora=m/2t037r/2 (backface)

The average transmittance of the ground diffuse radiation
is estimated by replacing the integration limits of the solar
altitude, in Eqg. (24). So that; varies from—g to 0 andw

-1
+ cosB sinh | do dh} (24)

varies from—n/2 tor/2 .

In Fig. 5, we represent the average transmittance curves
for both sky and ground diffuse radiation versus the tilt
angle g8, for differentw/D ratios. We can notice that the
ground radiation transmittance varies asymptotically when
the sky radiation transmittance is quasi constant and present
a maximum around 45 degrees of tilt angle; which is
conform to the view factor variation.

Comparing the results obtained for the diffuse and beam
radiation ate = 0, we carry out the matrixes of equivalent
solar beam altitude for both sky and ground diffuse radiation.
Processing these data, in the least square sense [8,9],
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we obtained that the equivalent solar altitude could be for the ground diffuse radiation. The collector tilt anglés

determined, with a good accuracy, using the following expressed in degrees.

relations, namely: In Tables 1 and 2 are reported the average transmittance
2 of a tube cover glass for both sky and ground diffuse solar

he = 1364—[0.063( — 0.5) + 1.3164 +0.00318 radiation, using the equivalent altitude equations and the

+0.4623§1 — 704254 -05)] (25) hemispherical integration methods, for differentD ratios

and collector tilt angles. The results shows that, for a tilt

angle greater than 20 degrees, the error found when using

he = 1587 — {1.5616 the simplified method is always lower than 0.1% for the sky

— 0.067051 Lofil + 11068950.9351— )]} (26) diffuse and 0.4% for the ground diffuse radiation.

for the sky diffuse radiation and

6. Conclusion

4
©
T

w/D=0.5 Diffuse from sky

The solar Transmittance expression of a cylindrical cover
glass, for both sky and ground diffuse radiation, has been
derived. The average solar transmittance is obtained by

o
@
@©

o
@
>

gos84 numerical integration using nonlinear regression analysis.
.‘g"o,gg The equivalent solar beam altitude has been deduced in
g the two cases and mathematical expressions have been
; ll derived. When calculating a global solar transmittance of

o
3
@©

a tube cover is necessary to evaluate the transmittance of
all solar radiation components. Applying the present results,
Diffuse from ground the global tube cover transmittance, for a given altitude
and azimuth, can be estimated using only beam algorithm.
The equivalent solar altitude being evaluated by Egs. (25)
07, T % B & & s and (26). As d_lscussed above, the estimation error is less
Collector tlt, deg. then 0.4%, which can be considered as a good accuracy for
solar applications (for example, the pyranometer accuracy is

generally up than 2%, [4]).
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Fig. 5. Average Transmittance of a tube cover glass for the diffuse solar
radiation for variousy/ D ratios.

Table 1
Averance Transmittance estimation, of a Tube Cover Glass1.52 andk = 16 m1), for sky Diffuse Radiation by the hemispheric integratioir{;) and
the direct derivationz;2) methods

B r=05 r=07 r=09
T141 Tty A (%) Ttg1 Ttyo A (%) T1y1 Tty A (%)
10 0.8850 0.8844 .06 0.8813 0.8802 Q1 0.8721 0.8746 —0.25
20 0.8876 0.8881 —0.05 0.8840 0.8840 .00 0.8748 0.8764 —0.16
30 0.8895 0.8903 —-0.07 0.8861 0.8863 —-0.02 0.8771 0.8776 —0.05
40 0.8906 0.8915 —0.09 0.8873 0.8876 —0.03 0.8785 0.8782 .02
50 0.8910 0.8919 —-0.09 0.8878 0.8882 —-0.03 0.8792 0.8786 .06
60 0.8911 0.8916 —0.06 0.8880 0.8880 —0.01 0.8795 0.8786 .09
70 0.8907 0.8906 01 0.8875 0.8872 .03 0.8791 0.8783 .08
80 0.8888 0.8886 01 0.8854 0.8855 —-0.01 0.8769 0.8776 —0.07
Table 2

Averance Transmittance estimation of a Tube Cover Glass 1.52 andk = 16 m—l) for graound diffuse radiation by the hemispheric integratiom,()
and the direct derivationt(z; 2) methods

B r=05 r=0.7 r=0.9

Ttg1 T140 A (%) Tty1 Tt2 A (%) T141 T140 A (%)
10 0.7253 0.7560 -3.07 0.7229 0.7410 -181 0.7194 0.7133 60
20 0.7777 0.7909 —-1.30 0.7730 0.7805 -0.75 0.7655 0.7623 G81
30 0.8161 0.8177 —0.16 0.8106 0.8104 .02 0.8011 0.7973 a7
40 0.8415 0.8383 83 0.8361 0.8330 82 0.8260 0.8223 a7
50 0.8580 0.8540 a0 0.8530 0.8499 .80 0.8430 0.8402 a7
60 0.8686 0.8661 a5 0.8641 0.8627 .04 0.8544 0.8531 Qa3
70 0.8755 0.8753 .03 0.8714 0.8723 —0.09 0.8620 0.8623 —0.03

80 0.8800 0.8822 -0.22 0.8762 0.8795 —0.33 0.8671 0.8689 -0.18
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