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Abstract

In this paper we evaluated the thermal efficiency of water-in-glass evacuated tube solar collector
(WGETSC) by considering a single water-in-glass evacuated tube (solar tube, in short) and a water
tank corresponding to the solar tube.

The overall heat loss coefficient to the outside through the water in the solar tube was the experimental
value and in the water tank was the calculation value.

The accuracy of the thermal efficiency of WGETSC was verified by the measurement experiments.
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Introduction

The evacuated tube solar collector (ETSC) has superior performance compared to flat-plate
collector (FPC) due to reduce the convective and radiation heat loss, and the thermal
efficiency of ETSC has a linear function with the difference between the fluid inlet
temperature Tr and the ambient temperature T, divided by the solar radiation incident on the
collector I 1.

One of experimental results on the performance of the solar evacuated tube with U pipe
under constant heat flux conditions, instantaneous efficiency values that were calculated by
experimentally were plotted in figure against a parameter of (T-T,)/1 2.

During steady-state operating conditions, the useful output power of FPC is a function of
many parameters, and one of them is the overall heat loss coefficient of FPC I3,

WGETSC unlike in FPC typically consisted of 16-28 flooded solar tubes in direct connection
to a horizontal water tank, and then was difficult to use the single overall heat loss
coefficient as FPC.

Therefore, we considered the solar tube and the water tank respectively in WGETSC, and
determined the thermal performance of WGETSC.

Materials and Methods
The installed capacity of WGETSC (Fig. 1) increased very rapidly in Democratic People’s
Republic of Korea in recent years 4,
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Fig 1: Appearance of WGETSC.

The solar tube in WGETSC consists of two coaxial glass tubes, like a heat-insulating bottle,
with a vacuum between the inner glass tube with 47 mm of diameter and the cover glass tube
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with 58 mm of diameter and 1800 mm of length.
SS-AINx/Cu cermet solar selective absorption coatings with
the solar absorptance of 0.93-0.94 and the normal emittance
of 0.06-0.07 at room temperature have been deposited onto
the inner glass tube surface using a Turbo Sun’s cylindrical
DC magnetron sputter coater B,

The water tank was kept warm with the expanded
polyurethane cylinder with 40mm of thickness.

The solar radiation that absorbed by the solar tube is the
sum of the overall heat loss to the outside through the solar
tube, through the water tank and the efficient heat stored in
WGETSC.

Qa = Qa+Qw+Qs, (1)
where Qa is the solar radiation absorbed by the solar tube,
W; Qg and Qw are the overall heat loss to the outside
through the solar tube and the water tank respectively, W;
and Qs is the efficient heat stored in WGETSC, W.

Total solar radiation is the sum of the beam radiation and
the sky diffuse radiation absorbed by unit length of the solar
tube.
Ig=Ip+1a, 2)
where Ig, Iz and Iy are the total solar radiation, the beam
radiation and the sky diffuse radiation absorbed by unit
length of the solar tube respectively, W/m.

The beam radiation absorbed by unit length of the solar tube
is expressed by [®1:

Is=DIsNcos; g(2) (ta)oi, 3)

where D is the diameter of inner tube of solar tubes, m; IgN
is the beam radiation intensity on a surface normal to
radiation, W/m? and (ta)si is the product of the
transmittance and the absorptance of solar tube
corresponding to the incidence angle ;.

0; in Eq. (3) is the incidence angle of the solar tubes, which
between solar rays and the projection of solar rays on the
cross-section of solar tubes and determined by [¢!:

1
2

cosf; = {]—[sin(B — ()cosdcosm+ cos(P — qo)siné]2 } @)

where B is the collector tilt-angle from the horizon, deg; ¢ is
the site latitude, deg; o is the declination of the Sun, deg;
and o is the solar hour angle, deg.
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Fig 2: Cross section of WGETSC [,

Cover tube

And g(Q) in Eq. (3) is the angular acceptance function, and
related to Q, the angle between the projection of solar rays
on the cross-section of tube and the normal of the collector,
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as shown in Fig. 2.
The angle, Q is determined by ©:

cos 0.,
cosQ = £

cos 0,

®

where 0. is the incidence angle of WGETSC, deg and is the
incidence angle of solar rays on the collector surface and
determined by [©:
cosB.~=cospsinh+sinfcoshcos(A-y), 6)
where h is the altitude of the Sun, deg; A is the azimuth
angle of the Sun, deg; and y is the azimuth angle of
collectors, deg.

Knowing the angle Q, the angular acceptance function,
g(Q), is determined by ":

1 Q<Q,
o) = { B cos+L(1-D2, Q,<Q<Q,
Dl 2 1
0 Q>0

)

The critical angles Qo and Q; are determined respectively by
the following expressions [71:

cos Q= Di+Dy

2B (8)
cos Q) = D,-D,

2B 9)

where D, is the diameter of cover tube of solar tubes, m; and
B is the distance between centers of two adjacent tubes, m.
For the isotropic sky diffuse radiation, the sky diffuse
radiation absorbed by unit length of the solar tube is
expressed by [°1:
Id= DlT[IdBFt_s(T(X)ﬁ()“ (10)
where: I# is the sky diffuse radiation on the collector
surface, for the isotropic sky diffuse radiation, W/m?; and
(ta)soc is the product of the transmittance and the
absorptance of solar tube corresponding to the incidence
angle 60°.

F.s in Eq. (10) is called as the shape factor for the sky
diffuse radiation from a tube to the sky (dimensionless) and
is determined by "%:

F_, =[Q,+0.5(1 —&)(91 —Q))+ E(sinQ1 —sinQ,)l/n
D, D, (11

The heat loss in the solar tube of WGETSC can be
determined from the following expression:
Qa=nD,LUL(T+-T,) (12)
where UL is the overall heat loss coefficient to the outside
through water in the solar tube, W/(m? K); L is the length of

the solar tube, m; and Tr and T, are the fluid temperature
and the ambient temperature respectively, 'C.
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The heat loss in the water tank corresponding to the solar
tube can be determined from the following expression:

Qw=nDwBUw(T¢-T.) (13)

where Dw is outer diameter of the water tank, m; and Uw is
the overall heat loss coefficient to the outside through water
in the water tank, W/(m” K).
Substituting Eq. (3), Eq. (10), Eq. (12) and Eq. (13) into Eq.
(1), we have
QS=QA-Q0-QW=LIE-Qg-Qw=LD1[IBNcoseig(Q)(m) eH‘TEIdBFt.
s(t)60°]-TDLLUL(Ts-To)-tDwB Uw(Te-Ta), (14)
Therefore, the thermal efficiency of WGETSC can be
written as follows:

Qs _ Dy [ycos0,g(Q)(tar)y +mIhF,_ (1) ] Dy BUy . T; - T,
"D, D, i B N

T,

a

_c-p. &N
I

(15)

where I is the total radiation intercepted by unit area of
WGESTC, W/m2,

Total solar radiation is the sum of the beam radiation and
the sky diffuse radiation intercepted by unit area of
WGESTC.

I=I5P+1 (16)

where IgP is the beam radiation intercepted by unit area of
WGESTC, W/m2,

The beam radiation and the sky diffuse radiation intercepted
by unit area of WGESTC are computed respectively by ©:
IgP=IgN cosf.=IoP"*"" cosO., (17)

o i
Ig = lIosinh lp— 2 E
2 1-1.4InP 2 (18)

where p is clearness index (dimensionless).
From Eq. (15), Eq. (16), Eq. (17) and Eq. (18), we can
establish

n l—p%i“h 2P

cosﬁig(Q)(roc)elP”Si“h +—sinh cos” =F_ (ta)gp°

c=bu 2" 1-14WwP 2
D Jinn
2 . _ p/ sinl
P cos0), +lsinh I=p cos? B
2 1-1.4InP 2 (19)
nDy BU
Dol T
: (20)

Results and Discussion

The overall heat loss coefficient to the outside through water
in the solar tube Up obtained from tests based on the test
procedure of Bl was 0.7851W/(m* K) with standard
deviation uc= 0.01943 W/(m? K).

The overall heat loss coefficient to the outside through water
in the water tank with the cylindrical expanded polyurethane
of 40mm Uw was 0.7142 W/(m? K) P,

The geometric and physical characteristics of WGETSC
shown in Fig.1 are as follows:

D;=58 mm; D,=47 mm; L=1800 mm; B=80 mm; Dw=410
mm; B=45"; normal transmittance of solar tube, 1,=0.92[;
and normal absorptance of solar tube, 0,=0.86 °.,

The values of C and D were determined on the basis of
above data, and the thermal efficiency of the collector of
WGETSC was described by the following relation:

~51 ~

n=0.68-3.17 T T

2y

The thermal efficiency of WGETSC, n, was measured as
described in GB/T 12915-91 [101,

The total solar radiation incident on WGETSC was
measured by pyranometer (TBQ-2-B-1, China).

Fig. 3 shows the experimental and calculated thermal
efficiency of WGETSC.

0.8 ['- Experimental data — Calculated curve by Eq.(21)
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Fig 3: Instantaneous thermal efficiency of WGETSC.

As shown in Fig. 3, the mean relative error between the
measured and calculated values was 9.8%, and the reason
was because of calculating as clearness index of clear
weather.

Finally, the thermal efficiency of WGETSC can be
determined by the resulting Eq. (21).
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