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Abstract

Concentric coaxial glass tube solar air collector (CCGTSAC) is a quite innovative development in the field of solar collectors.
This type of collector is specially designed to produce hot air. A mathematical model based on the energy conservation equations
for small control volumes along the axial direction of concentric coaxial glass tube (CCGT) is developed in this paper. It is
applied to predict the effect of thirteen different parameters on the exit air temperature rise and appeared that absorber tube size,
length of CCGT, absorptivity of transparent glazing, transmissivity of transparent glazing, absorptivity of absorber coating, inlet
or ambient air temperature, mass flow rate, variation of thermo-physical properties of air, wind speed, solar intensity and vacuum
present between transparent glazing and absorber tube are significant parameters. Results of the model were analysed to predict
the effect of key parameters on the thermal performance of a CCGTSAC for exit air temperature rise about 43.9-58.4 °C.

Nomenclature
Cp,  Specific heat of air (J/kgK)
D; Transparent glazing radius (m)
D,  Absorber tube radius (m)
G Solar intensity (W/m?)
h; Heat transfer coefficient from absorber coating to transparent

glazing (W/m?K)

h, Heat transfer coefficient from absorber glass tube to exit air
(W/m?K)

h, Heat transfer coefficient from transparent glazing to ambient air
(W/m?K)

j  Element along the tube axis(—)
K, Thermal conductivity of glass (W/mK)
L Length of CCGT (m)
m  Mass flow rate of air (kg/Sec)
N  Total number of elements (—)
Nu  Nusselt number(-)
Pr  Prandtl number (—)
Re Reynolds number(—)
r;  Transparent glazing radius (m)
r,  Absorber tube radius (m)
t  Thickness of absorber tube (m)
T, Ambient temperature (°C)
Tiner  Inlet air temperature (°C)
Touter  EXit air temperature (°C)
Texp  Experimentally calculated exit air temperature (°C)
Tsim  Simulated calculated exit air temperature (°C)
T, Transparent glazing temperature (°C)
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T,  Absorber coating temperature (°C)
T3  Absorber glass tube (°C)
T,  Fluid temperature (°C)
Uwina  Wind speed (m/Sec)
Greek symbols
«;  Absorptivity of transparent glazing (—)
&, Absorptivity of absorber tube (—)
p  Density of air (kg/m®)
1 Emissivity of transparent glazing (—)
> Emissivity of absorber coating (—)
12 Interchange factor (—)
p  Kinematic viscosity of the air (kg/msec)
Ax  Length of a slice along the tube axis (m)
K Thermal conductivity of air (W/m?K)
T;  Transmissivity of transparent glazing (—)
o Stefan’s Boltzmann constant(W/m’K*)

Abbreviations

CCGT  Concentric coaxial glass tube
CPC  Compound parabolic concentrator
ETC  Evacuated tube collector
HTF  Heat transfer fluid

1 Introduction

Solar air collectors are broadly using solar energy conversion
devices employed to deliver hot air at low to moderate tem-
peratures for space heating and drying agricultural products
such as fruits, seeds, vegetables etc. [1-3]. There are several
types of different solar air collector in the literature. But these
collectors seize some limitations in their thermal capacity.
Such solar air collector has low thermal efficiency because
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of low convective heat transfer coefficient between the ab-
sorber surface and air leading to the higher temperature of
the absorber surface, which results in higher heat losses to
the surroundings. Top losses of the solar air collectors were
a function of glazing temperature, emissivity of the glazing,
wind speed and ambient temperature [4—6]. Akpinar and
Kocyigit [7] suggested that the thermal performance of the
solar air collectors depends significantly on the solar radiation,
the contour of the absorber and extension of the air flow line
and Sahin [8] suggested that thermal performance of solar air
collectors also depends on several parameters such as inlet air
temperature, air velocity, collector slope and properties related
to collector. Yang et al. [9] suggested methods for improving
the thermal performance of solar air collector on the basis of
the critical parameter sensitivity analysis. Roughness parame-
ters had a strong influence to increase the heat transfer coeffi-
cient between the absorber surface and HTF [10, 11]. Harding
and Window [12] investigated the degradation of the thermal
performance of evacuated tube solar collector by the presence
of low pressure gas in the annular space. El-Nashar [13] in-
vestigated the influence of dust deposition on a large field of
evacuated tube collectors on the thermal performance of the
plant. Tang et al. [14] suggested that climatic conditions had a
negligible effect on the diurnal thermal performance of ETC
due to less heat loss of the collector to the ambient air. Gao
et al. [15] investigated the best possible flow rate of HTF for
getting maximum heat gain with different meteorological con-
ditions. Kim and Seo [16] investigated the affected of the
shape of the absorber, incidence angle of solar irradiation,
and arrangement of collector tubes. Ma et al. [17] evaluated
a key parameter of glass evacuated tube solar collector was the
surface temperature of the absorbing coating. Fischer et al.
[18] developed a model to investigate the thermal perfor-
mance of solar collector by characterizing the transmission
of irradiance through glazing and absorption of irradiance by
the absorber. Ares-Muzio et al. [19] designed a solar collector
with both end open evacuated tube and studied the absorption
characteristics of the collector. Wang et al. [20] enhanced the
solar transmittance of glazing tubes of ETC for 0.94 by using a
porous SiO, antireflection coating. Hall and blower [21]
developed a solar collector with a high absorptivity and
a low-emissivity. Dabra et al. [22] suggested that ther-
mal performance of the evacuated tube solar air collec-
tor improved by using a flat reflector. Garcia-Valladares
and Velazquez [23] simulated a single pass solar collec-
tor for enhancing the thermal performance and fluid-
dynamic behaviour by using CPC. Li and Wang [24]
used Water and N, as working fluid in an evacuated
tube solar collector with CPC. Zhang and Yamaguchi
[25] proposed a solar collector using supercritical CO,
as the working fluid and investigated temperature and
flow rate in the collector. Zhao et al. [26] studied the
different flow conditions inside the horizontal ETC by
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varying the temperature at different inlets of evacuated
tube and diameters of the evacuated tube. Shah and
furbo [27] developed a modelled with three different
tube lengths varying from 0.59 m to 1.47 m and inves-
tigated thermal performance at different mass flow rates
varying from 0.05 kg/min to 10 kg/min with a constant
inlet temperature of 60 °C. An experimental setup of a
solar air collector was developed and suggested that the
mass flow rate of the air was directly proportional to
collector performance [28, 29]. Naik et al. [30] devel-
oped a mathematical model to predict the exit tempera-
ture of different working fluids and investigated the ef-
fect of different parameters on the thermal performance
of the system.

Based on the published works, sufficient literature is avail-
able on the parametric behaviour of flat plate and evacuated
tube solar air collector. Some parameters are not considered in
the literature but have significant effect on the performance of
CCGTSAC. Therefore, there is a need for additional studies
on the CCGTSAC for enhancing their performance. The pur-
pose of this paper is to study the influence of parameters on the
performance of CCGTSAC.

2 Mathematical formulation

Before the establishment of mathematical model, the follow-
ing general assumptions will be made in the process of the
energy balance analysis to the heat characteristics and struc-
tural features of the CCGT as shown in Fig. 1.

1. CCGT is operating under steady state condition.

2. CCGT is used for flow passage and HTF is assumed to be

air.

The air flow inside the CCGT has a uniform velocity.

There is no leakage of air from the CCGT.

The temperature varies only along the airflow direction.

The temperature gradient along the radial direction of the

CCGT is negligible.

7. Heat transfer coefficients and area distribution are as-
sumed to be uniform and constant.

8. During the test process, the solar radiation falling on the
CCGT is assumed to be distributed uniformly.

AN

The energy balance equations for each component of
CCGTSAC can be written as follows

For transparent glazing
aiT}+ b, T+ 175 +dTr+g, =0 (1)

For absorber coating
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Where, Ty, T,, T;5 and T, are temperatures of various compo-
nents as shown in Fig. 2. These are functions of CCGT length
and a;, b;, ¢;, d;, ¢;, fi, g and h; are coefficients with i=
| DTN 4. These coefficients involve the thermo-physical
properties of the fluid, geometric properties of the CCGT
and climatic conditions. The values of coefficients are
expressed in the following expressions.

ay = <ﬂ) + roe; (5)
€12
by = hyry + hyr (6)
rpo
cp=—— 7
1 - (7)
d] = hﬂ‘z (8)
g :—(harlTa+r1051T:+Ga1r1) 9)
rao
a = —— 10
2= (10)
bz = hli"z (11)
ryo
CH = —— 12
2= (12)
K,
d, = 7‘gt—h1r2 (13)
1n(l +—)
m
K
€ £ (14)

mC,

The values of different heat transfer coefficients are normally
calculated from the following relations [35—].

Heat transfer coefficient from transparent glazing to
ambient

_ NuxK,

h, 20

o (20)

Nu = C\Re" (21)
Where,

C; = 0.615&n = 0.466
C; =0.174&n = 0.618
C; =0.0239&n = 0.805

40 < Re < 4000,

4000 < Re < 40000,
40000 < Re < 400000
Heat transfer coefficient from absorber tube to transpar-
ent glazing
hy = 0.026 W/m?K (with vacuum) and 5 W /m*K (without vacuum)
(22)

Heat transfer coefficient form absorber tube to flowing air

_ NuxK,
==,

Nu = 0.0214(Re*®~100) Pr"* (24)

hy (23)

When 0.5 <Pr<1.5 & 10* <Re < 5%10°.
These four energy balance equations are coupled and
solved numerically by using all given relations.
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Fig. 2 Schematic diagram of the > A < T
concentric coaxial glass tube with < = a
heat transfer mechanism £ 4 [
T
‘n": »~ > T2
< P Q7
4 / Ts
< i g / T
< 7 4
T> _p T //
—> r
L HTF I === _ ‘ X
—>
—>
— <«
dx

Mode of heat transfer Symbols used

Conduction N

|
Convection QU
Radiation Fat >

The physical properties of fluid are assumed to vary
linearly with temperature within the range encountered
in solar air heaters. Therefore, typical linear equations
for the viscosity, density, thermal conductivity and spe-
cific heat of air are implemented in the theoretical pro-
cedure. The following are assumed for [4, 35, 36].

3 Method of solution

For obtaining precise results, the collector is divided into N
fine horizontal elements in order to solve the system on every
element while considering that the exit of the jth element is the
entrance for the following element as shown in Fig. 3. The
energy conservation equations are solved by using the itera-
tive numerical method. The axial coordinate is approximated
as x=jJAx,j=0,1,2, 3. N. Then T(x) =T;(GAX)=Ty;.
Similarly for T;, Ts j, and T4 j. For the initial boundary
condition j = 0 atx =0, T4(0) = T4 o. With this value, and using
the iterative numerical method to solve the set of equations,
the values of T5 o, T and T} o are found. Now, by applying
the Euler method to Eq. 4, Ty j .1 is obtained as

T jer = Taj~Ha(Ts 7Ty ) (29)

4 s 6 7 8 9 jHI0 I 12

i =[1.983 +0.00184(T;,—27)] x 107° (25)
p = 1.1774-0.00359(T;y—27) (26)
k = 0.02624 + 0.0000758(T;,~27) (27)
Cp = 1.0057 4 0.000066(T;,~27) (28)
Fig. 3 Schematic diagram of i il w23
collector element ! ! ! '
o i
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Where Hy = (AXx) x (hg) (30)

Substituting the values of Ts and T, in Eq. 29, Ty is ob-
tained. Similarly, the values of Ty, Taz.evvvererenenee. T4 13 can
be obtained.

A program of resolution on JAVA language has been de-
veloped for this problem and procedure is employed to solve
the energy balance equations at different elements along the
length of CCGT as shown in Fig. 4.

4 Experimental setup and test

To validate the above JAVA simulation program an experi-
mental setup of a CCGT is mounted at NIT Kurukshetra,
India [29°58' (latitude) north and 76°53' (longitude) east].

A CCGT was installed on a rigid iron frame and titled at
30° relative to horizontal surface with south facing shown in
Fig. 5 and material used in fabrication of CCGT is listed in
Table 1. The air flow measurement is taken with anemometer
of model AM-4208 with an accuracy of £2% and resolution of
0.1 m/Sec. The incident solar radiation is measured by a
pyranometer of model CM 11, Kipp and Zonen, Holland with
an accuracy of +2 W/m? and resolution of 1 W/m?. Finally,

RTD PT 100 temperature sensors are used to measure temper-
ature of air at different points. The temperature sensors are
connected to a digital temperature indicator that gives the
temperature with a resolution of 0.1 °C.

The experimental test was achieved in order to determine
the exit air temperature at different parameters. The data were
recorded after every half an hour from 8:30 h (morning) to
5:00 h (evening). The results are shown in Fig. 6.

5 Validation of the model

In order to verify the accuracy of the model, the com-
parisons of the simulated results with results given by
the experimental test carry out at approximately similar
parametric conditions is presented in this section. The
parametric values are given in Table 2.

Figure 6 shows the variation of exit air temperature (simu-
lated and experimental data) with time, solar intensity and
ambient temperature. It is seen that the modelled values of
exit air temperature follow the same trend as the experimen-
tally measured values with good agreement, about 4-5%
points. From Fig. 6 it is clearly observed that model slightly
overestimate the measured values. A difference between

Fig. 4 Flow diagram for JAVA 4
code

Set the geometric properties, thermo-physical
properties and the working condition of the CCGT

~

Divide the CCGT into 13 elements along the

direction of flow

Set j=0 ]

<
<

A

[ Solve the set of energy balance equations of element ]

J

i

A A

T4outlet, j = T4intet, j+1 J

j<13

No

Simulation output ]
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Fig. 5 Schematic diagram of
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measured and simulated values is perceived, about 5—6%
points, which corresponds to a temperature difference of 1—
4 °C. The mismatch between the simulated and experimental
results is mainly attributed to experimental errors which are a
function of the accuracy of the measurement and unstable
weather conditions.

6 Results and discussion

The performance of the CCGTSAC was studied over a wide
range of thirteen different parameters. Each parameter was
varied, keeping the others constant as shown in Table 2.
Spatial discretization was performed with thirteen elements
located every 0.1 m along the tube. Some of the salient results
are discussed below.

6.1 Effect of transparent glazing size on exit air
temperature

Figure 7 indicates that variation of heat absorbed by air with
an increase in the intensity of solar radiation. It could be

Table 1 Materials of the

CCGT Material

Name

Transparent glazing
Absorber tube

Absorber coating

Borosilicate glass
Borosilicate glass
Black paint

@ Springer

observed from this figure that at maximum solar intensity,
more heat was absorbed by the air. Results found that the exit
air temperature difference were measured at G =300 W/mz,
G =600 W/m” and G =900 W/m” were 14.9 °C, 29.8 °C and
44.1 °C when glazing radius was 0.028 m, 14.9 °C, 29.8 °C
and 43.9 °C when glazing radius was 0.029 m, 14.9 °C,
29.7 °C and 43.9 °C when glazing radius was 0.030 m,
14.9 °C, 29.6 °C and 43.8 °C when glazing radius was
0.031 m, 14.8 °C, 29.4 °C and 43.7 °C when glazing radius
was 0.032 m. That is, transparent glazing size has no signifi-
cant effect on increasing the exit air temperature. Exit air tem-
perature decreases with an increase in the transparent glazing
size because convective heat loss increases between the ab-
sorber coating and transparent glazing. So, with increase in the
transparent glazing size leads to increase the covered area by
the collector with decrease in exit air temperature.

~fli=Texp Tsim ==¢=Ta =4=G
—_
|©)
S
~ —~
&
g &
E z
g <
& z
5] &
s 2
=
=
g 35 =% ¥ 300 2
A wn
30 — T T T T T T T T T T T T T T 200
O O O O O O O O O O O O O O O o O 9
N oMo Mo Mo Mo Mmoo mo MmO MmO
0 O A O O 0 a4 N AN M N & < N 1 © O ™~
O O O o = ™= =& oA A o o A A3 A A A A -
Time (hr)

Fig. 6 Variation of exit air temperature difference with solar intensity:
comparison between experimental data and simulation results
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Table 2 Numerical values of the
parameters used in the model Parameters Fixed values of parameters (during Variation Units
variation of other parameters)
1 0.030 0.028-0.032 m
I 0.019 0.019-0.027 m
L 1.2 0.1-12 m
t 0.002 0.001-0.005 m
oy 0.05 0.05-0.25 -
T 0.9 0.6-0.9 -
€ 0.91 0.8-0.95 -
[ 0.91 0.75-0.95
Tnor T, 30 1842 °C
m 0.0095 0.008-0.0196 kg/s
n 1.87x107° 1.937x107°-2.029 x 10~ kg/msec
p 1.158 1.2671-1.0870 kg/m’
K 0.0266 0.0243-0.0281 W/m°C
Gy 1000 1004-1007 J/kg°C
Ugyind 1 1-3 m/s

6.2 Effect of absorber tube size on exit air
temperature

Figure 8 shows that the size of absorber tube has a strong
influence on the thermal performance of CCGT. Results found
that the exit air temperatures difference were measured at G =
300 W/m?, G =600 W/m? and G =900 W/m* were 14.9 °C,
29.7 °C and 43.9 °C when absorber tube radius was 0.019 m,
16 °C, 32.2 °C and 47.8 °C when absorber tube radius was
0.021 m, 17.5 °C, 34.5 °C and 51.4 °C when absorber tube
radius was 0.023 m, 18.7 °C, 37.1 °C and 55 °C when absorb-
er tube radius was 0.025 m, 20 °C, 39.6 °C and 58.4 °C when
absorber tube radius was 0.027 m. As can be seen from the
Fig. 6, exit air temperature increases with the increase of the
absorber tube size. This is due to the increase of absorber tube
size, on one hand, increasing the contact surface between air
and absorber tube wall and then resulting in heat transfer en-
hancement, on the other hand, increasing the external surface

46 G=900 W/m?

32 G=600 W/m?

18 - G=300 W/m?

o e e e o
14 \ g g v v ) 4

Exit air temperature difference (°C)
(9%}
(=}
| ]
[ |

0.029 0.03 0.031

Transparent glazing radius(m)

0.028 0.032

Fig. 7 Influence of transparent glazing size on exit air temperature
difference at different solar intensity

area of the absorber tube so as to increase the effective absorb-
er area and then helping air to absorb more heat.

6.3 Effect of length of CCGT on exit air temperature

Figure 9 shows that the length of CCGT has a strong influence
on the thermal performance of CCGTSAC. It is found from
the Fig. 9 that exit air temperature increases nonlinearly along
the axial direction of CCGT. Results found that the exit air
temperature difference were measured at G = 300 W/m?, G =
600 W/m* and G =900 W/m*> were 14.9 °C, 29.7 °C and
43.9 °C for length of CCGT was taken to 1.2 m. This is
because absorber surface and resistance time of air increases
with an increase in the length of the CCGT.

6.4 Effect of thickness of absorber tube on exit air
temperature

Figure 10 shows that the air temperature increases with
increase of solar irradiation falls on the CCGTSC.

60 - G=900 W/m?
55
50 -

45 -
G=600 W/m?

40 -
o /././
30 -

25 4 G=300 W/m?

20 o —

¢ g

15 4 >—

10

Exit air temperature difference (°C)

0.019 0.021 0.023 0.025 0.027

Absorber tube radius (m)

Fig.8 Influence of absorber tube size on exit air temperature difference at
different solar intensity
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45 4

G=900 W/m?

40
35 -
G=600 W/m?
30 -

25

20 4
G=300 W/m?
15 -

10

Exit air temperature difference (°C)

01 02 03 04 05 06 07 08 09 1 11 1.2
Length of CCGT(m)

Fig. 9 Influence of length of CCGT on exit air temperature difference at
different solar intensity

Results found that the exit air temperature difference
were measured at G=300 W/m?, G=600 W/m? and
G =900 W/m? were 14.9 °C, 29.8 °C and 44.1 °C when
absorber tube thickness was 0.001 m, 14.9 °C, 29.7 °C
and 43.9 °C when absorber tube thickness was 0.002 m,
14.8 °C, 29.6 °C and 43.9 °C when absorber tube thick-
ness was 0.003 m, 14.8 °C, 29.5 °C and 43.7 °C when
absorber tube thickness was 0.004 m and 14.7 °C,
29.5 °C and 43.7 °C when absorber tube thickness
was 0.005 m respectively. Results revealed that no sig-
nificant effect of the thickness of the absorber tube on
the performance of CCGTSC because solar radiation
falls on the absorber tube was first absorbed by the
coating of negligible thickness and then transfer it to
the inner surface of the absorber tube by conduction.
This heat energy was absorbed by flowing air through
convection. The heat transfer coefficient between the
absorber tube wall and flowing air was low and solar
radiations fall on the absorber tube consistently that’s
why the temperature of the inner surface of the absorber
tube was constant with the variation of the thickness of
the absorber tube.

46 G=900 W/m?
g 434
g 40
§ 374
L
g3 G=600 W/
g 5] O— —0—0 0 |
£ 25
g 221
o
3 g
-} = 2
5 16 N N R N G=300 W/m
% 13 & & > <> >
10 . : ‘ :
0.001 0.002 0.003 0.004 0.005

Thickness of absorber tube (m)

Fig. 10 Influence of thickness of absorber tube on exit air temperature
difference at different solar intensity
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43 G=900 W/m?

| G=600 W/m?
25

G=300 W/m?

13 ¢ < . .

Exit air temperature difference (°C)
N
0o

0.05 0.1 0.15 0.2 0.25
Absorptivityof transparent glazing (-)

Fig. 11 Influence of absorptivity of transparent glazing on exit air
temperature difference at different solar intensity

6.5 Effect of absorptivity of transparent glazing
on exit air temperature

Figure 11 shows that temperature difference of exit air were
measured at G =300 W/m®, G=600 W/m” and G =900 W/
m?* were 14.9 °C, 29.7 °C and 43.9 °C for a; = 0.05, 14.2 °C,
28.8 °C and 42.6 °C for a,=0.10, 13.9 °C, 27.9 °C and
41.5 °C for a;=0.15, 13.3 °C, 27.1 °C and 40.2 °C for
o;=0.20 and 13 °C, 26.1 °C and 38.9 °C for a; =0.25, re-
spectively. Results revealed that the influence of the
absorptivity of transparent glazing on the exit air tem-
perature was significant. Exit air temperature decreases
with an increase in the absorpitivity of transparent glaz-
ing with minimizing the transmissivity by keeping re-
flectivity constant because the amount of solar intensity
reaches to the absorber coating decreases.

6.6 Effect of transmissivity of transparent glazing
on exit air temperature

Figure 12 revealed that exit air temperature difference were
measured at G =300 W/m?, G =600 W/m? and G =900 W/
m? were 8.6 °C, 16.7 °C and 25.2 °C at T,=0.50, 9.9 °C,
20.2 °C and 28.2 °C at 1,=0.60, 11.7 °C, 23.2 °C and
34.7 °C at 7,=0.70 and 13.2 °C, 27.2 °C and 42.3 °C at

50 -
45 -
40 -
35

G=900 W/m?

G=600 W/m?
30 4

3 ././-/'/.

20 G=300 W/m?
15 4

10 /X‘

0 T T T T
0.5 0.6 0.7 0.8 0.9

Exit air temperature difference (°C)

Transmissivity of transparent glazing(-)

Fig. 12 Influence of transmissivity of transparent glazing on exit air
temperature difference at different solar intensity
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Fig. 13 Influence of emissivity of the absorber coating on exit air
temperature difference at different solar intensity

T;=0.80, 14.9 °C, 28.7 °C and 43.9 °C at T, =0.90, respec-
tively. The results indicated that the thermal performance of
the CCGTSC increases with increase of the transmissivity of
the glazing due to increase in useful heat gain. Because with
an increase of the transmissivity of the glazing leads to trans-
mit maximum solar radiations through them with minimum
reflectivity and maximum solar radiation absorbs by the ab-
sorber coating and converted into heat energy.

6.7 Effect of emissivity of absorber coating on exit air
temperature

Figure 13 revealed that exit air temperature difference on the
thermal performance of the CCGTSAC were measured at G =
300 W/m®, G=600 W/m® and G =900 W/m* were 14.9 °C,
29.7 °C and 43.9 °C for £,=0.75, 14.9 °C, 29.7 °C and
43.9 °C for £, =0.80, 14.9 °C, 29.7 °C and 43.9 °C for €, =
0.85,14.9 °C, 29.7 °C and 43.9 °C for €,=0.91 and 14.9 °C,
29.7 °C and 43.9 °C for £, =0.95. Results show that the in-
fluence of the emissivity of absorber coating was not signifi-
cant because there was no change in exit air temperature dif-
ference with an increase in the emissivity of the absorber coat-
ing of the CCGTSC. Due to the presence of the glazing, radi-
ation emitted by the absorber coating in the form of long
wavelength which are trapped between the glazing and the
absorber coating.
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Fig. 14 Influence of absorptivity of absorber coating on exit air
temperature difference at different solar intensity

Fig. 15 Influence of inlet air temperature or ambient air temperature on
exit air temperature difference at different solar intensity

6.8 Effect of absorptivity of absorber coating on exit
air temperature

Figure 14 revealed that exit air temperature difference were
measured at G =300 W/m®, G=600 W/m* and G =900 W/
m? were 12.5 °C, 25.2°Cand 37.5°C at a,=0.75, 13.1 °C,
26.2°Cand38.9°Cato,=0.80,13.9°C,27.8°Cand 41.2°C
at a, =0.85 and 14.9 °C, 29.7 °C and 43.9 °C at 0,=0.91,
15.5 °C, 30.9 °C and 45.5 °C at a, =0.91, respectively. The
results indicated that the thermal performance of the CCGTSC
increases with increase the absorptivity of the absorber coat-
ing due to increase in useful heat gain. Because with an in-
crease in the absorptivity of the absorber coating of the CCGT
leads to absorb maximum solar radiations and convert into
heat energy.

6.9 Effect of variation of inlet temperature or ambient
temperature of air on exit air temperature

Figure 15 shows that the temperature increases with increase
of solar radiation falls on the CCGTSC. In the case where the
inlet temperature of the air is the same as the ambient temper-
ature and the results found that the exit air temperature differ-
ence were measured at G =300 W/m?, G=600 W/m” and
G =900 W/m? were 15 °C, 30.1 °C and 44.9 °C when T, =

554
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Fig. 16 Influence of mass flow rate on exit air temperature difference at
different solar intensity
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T;, was 18 °C, 14.9 °C, 29.9 °C and 44.5 °C when T, = T;,, was
24°C, 14.9 °C, 29.7 °C and 43.8 °C when T, = T, was 30 °C,
14.7 °C, 29.3 °C and 43.5 °C when T, = Tj, was 36 °C, 14 °C,
29 °C and 42.7 °C when T,=T;, was 42 °C. The results
revealed that the exit air temperature difference decreases with
increase in inlet air temperature or ambient air temperature,
especially, for the larger values. Because when inlet air tem-
perature increase leads to decrease the temperature gradient
between the absorber tube wall and air flowing through the
absorber tube. So, less amount of heat exchange takes place.

6.10 Effect of mass flow rate on exit air temperature

Figure 16 shows that the exit air temperature difference were
measured at G =300 W/m®, G=600 W/m* and G =900 W/
m” were 17.4 °C, 34.6 °C and 49.2 °C for th = 0.0558 kg/s/m’,
14.9°C, 29.7 °C and 43.9 °C for th = 0.0663 kg/s/m?, 14.6 °C,
29 °C and 43.3 °C for = 0.0677 kg/s/m”, 12.3 °C, 25.8 °C
and 38.6 °C for t = 0.0824 kg/s/m*and 8.7 °C, 17.3 °C and
26.7 °C for m=0.1368 kg/s/m*. Results revealed that a re-
markable fall in the exit air temperature with increase in mass
flow rate. This is due to increase in the heat capacity of
air at same solar heat input and leads to less resistant
time of the air to take heat from heated absorber tube
wall. Hence, the exchange of heat between the air and
absorber tube wall decreases with increase in mass flow
rate of air. So, high flow rates are not recommended for
the better performance of the CCGTSC.

6.11 Effect of variation of thermo-physical properties
of air on exit air temperature

Figure 17 shows that exit air temperatures were measured at
G =300 W/m*, G=600 W/m* and G =900 W/m* were

@ Springer

Thermo-physical properties of air

10.4 °C, 21 °C and 31.6 °C when considering thermo-
physical properties of air at Ta= 18 °C and 10.3 °C, 20.9 °C
and 31.1 °C when considering thermo-physical properties of
air at T, =24 °C, 10.2 °C, 20.6 °C and 30.7 °C when consid-
ering thermo-physical properties of air at T,=30 °C,
10 °C, 20.2 °C and 30.2 °C when considering thermo-
physical properties of air at T,=36 °C, 9.7 °C, 19.9 °C
and 29.8 °C when considering thermo-physical properties
of air at T,=42 °C. Results revealed that the density of
the air increases with an increase in the temperature of the
air, but viscosity, thermal conductivity and specific heat of
air decreases with an increase in the temperature of air.
Due to this variation in the thermo-physical properties of
the air lead to decrease in the exit air temperature differ-
ence as compared to exit air temperature difference ob-
tained with constant thermo-physical properties at differ-
ent inlet air temperature. Hence, thermo-physical proper-
ties play an important role to enhance the thermal perfor-
mance of the CCGTSAC.
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Fig. 18 Influence of wind speed on exit air temperature difference at
different solar intensity
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transparent glazing on exit air temperature difference at different solar
intensity

6.12 Effect of wind speed on exit air temperature

Figure 18 revealed that exit air temperature difference were
measured at G =300 W/m®, G =600 W/m” and G =900 W/
m? were 14.9 °C, 29.7 °C and 43.9 °C at u y;,q=1 m/Sec,
14.4°C, 29 °C and 43.1 °C at u inq= 1.5 m/Sec and 14.2 °C,
28.3 °C and 42.5 °C at u g =2 m/Sec and 14.2 °C, 28.3 °C
and 42 °C at u yj,g=2.5 m/Sec and 14.1 °C, 28 °C and

41.7 °C at u yinqg = 3 m/Sec respectively. The results indicated
that wind speed has no significant influence on the thermal
performance of the CCGTSC because to reduce the effect of
wind speed on the CCGTSC provides transparent glazing on
the absorber tube for minimizing the convective heat losses
due to direct contact with the wind.

6.13 Effect of vacuum present between the absorber
glass tube and transparent glazing on exit air
temperature

Figure 19 shows vacuum present between the absorber glass
tube and transparent glazing has a significant effect on the
thermal performance of CCGTSAC. Figure revealed that exit
air temperature difference were measured at G =300 W/m?,
G=450 W/m*, G=600 W/m*, G=750 W/m* and G =
900 W/m* were 14.9 °C, 22.2 °C, 29.7 °C, 37 °C and
43.9 °C when collector operates at without vacuum condition
but 17.5 °C, 26.2 °C, 37.5 °C, 43 °C and 51.2 °C when col-
lector operates at with vacuum conditions. Results show that
the vacuum condition gives better results as compared to with-
out vacuum condition because convective losses between the
absorber coating to transparent glazing decreases with the

Table 3 Comparison of simulation results of present study with past studies
S.No. Parameter study Present study Past studies
1 Effect of solar radiation Exit air temperature increases with increase in Heat gain by working fluid increases with
solar intensity increase in solar intensity [30]
2 Effect of transparent Glazing size do not significantly influence
glazing size the gain of temperature by exit air
3 Effect of absorber tube size Absorber tube size has a strong influence
to raise the exit air temperature
4 Effect of length of tube Length of tube has a strong influence to
raise the exit air temperature
5 Effect of absorptivity Absorptivity of glazing has a strong influence
of transparent glazing on heat gain by exit air temperature
6 Effect of transmissivity Transmissivity of glazing has a strong
of transparent glazing influence on heat gain by exit air temperature
7 Effect of absorptivity Absorptivity of absorber coating has a strong
of absorber coating influence on heat gain by exit air temperature
8 Effect of emissivity Emissivity of absorber coating do not effect At higher exit air temperature, emissivity
of absorber coating on heat gain by exit air temperature because has a significant impact on the thermal
absorber coating temperature is not so high performance of the collector [2, 20]
9 Effect of ambient Ambient temperature/ inlet air temperature has a Heat gain by the fluid decreases with
temperature/ inlet temperature strong of exit influence to raise the increase in the inlet temperature
temperature air of the fluid [30, 40]
10 Effect of mass flow rate Exit air temperature decreases with increase Heat gain by working fluid decreases
in mass flow rate of air with increase in mass flow rate
of fluid [36-38]
11 Effect of thermo-physical Thermo-physical properties of air has a strong
properties of air influence on heat gain by exit air temperature
12 Effect of wind speed Wind speed do not influence the gain of temperature
by exit air
13 Effect of vacuum Vacuum has a strong effect on the temperature gain Performance of the collector increases

by exit air

with present of vacuum [19, 39]
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presence of vacuum. This leads to increase the surface tem-
perature of the absorber coating and transfer more heat to the
air as compared to without vacuum condition.

Table 3 presents a comparison of model results of the
present study with the simulation results in the litera-
ture. Through many results of earlier studies that have
the same objectives are comparable, there are additional
results from the simulation presented here, especially
those related to the influence of performance solar radi-
ation, mass flow rate, wind speed, thermo-physical
properties of air, ambient temperature/ inlet temperature.
Some other outputs could not be compared as similar
information is not available in the literature.

7 Conclusions

A mathematical model based on energy balance equations for
CCGT has been developed to predict its thermal behaviour
over a wide range of different parameters. Results of the mod-
el were used to show the effects of key parameters on the
performance of a CCGTSAC for an exit air temperature
difference of 14.9 °C to 58.4 °C, aimed at its use as
solar air heater for various domestic and industrial ap-
plications. In conclusion, the main results from this pa-
per are summarized below:

+  Exit air temperature increases with increase in solar inten-
sity and become maximum when the solar intensity is
maximum.

» The absorber tube size has the strong effect on the exit air
temperature instead of transparent glazing size.

» Exit air temperature increases with increase in the length
of CCGT.

*  When the thickness of the absorber tube is increased, the
strength of the tube increases without significant influence
the exit air temperature.

* Ambient temperature or inlet air temperature has the
strong effect on the exit air temperature instead of wind
speed.

+  Exit air temperature decreases with increase in the air mass
flow rate. Low mass flow rate is used to obtain high exit
air temperature.

* Absorptivity of transparent glazing and absorber coating
has strong effect on the exit air temperature. Exit air tem-
perature decreases with increase in absorptivity of the
transparent glazing but increases with increase in absorp-
tivity of the absorber coating.

* The emissivity of absorber coating has no significant ef-
fect on the exit air temperature but increases with increase
in transmissivity of the glazing have strong effect on the
exit air temperature.

@ Springer

*  CCGTSAC gives better results in case of vacuum present
between absorber tube and transparent glazing as compare
to no vacuum condition.

7.1 Future scope

For domestic and industrial applications, a modified sys-
tem can be developed to minimize the overall cost and
to improve the efficiency of the CCGTSAC by using all
significant parameters.
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