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ARTICLE INFO ABSTRACT

Keywords: The application of solar energy as the widest, clean and free source of thermal energy requires the
Heat pipe solar collector solar collector. As one of the common types of solar collector, heat pipe solar collector has been
Optimum tilt angle investigated. The thermal performance of a solar heat pipe collector was simulated using the
Azimuth angle anisotropic sky radiation model in eight different tilt angles and thirteen azimuth angles at the
Anisotropic sky radiation model location of Isfahan City, Iran. The obtained theoretical results were compared with experimental

ones and an average discrepancy of 5 % was obtained. After approving the chosen model, the
optimum seasonal and yearly tilt angles were calculated and the correlations also were drawn
from a written subroutine. The results show that through spring and summer, the optimum tilt
angle is somewhat less and through autumn and winter the optimum tilt angle is beyond the
latitude angle with the largest difference in spring and autumn. For the whole year and under the
conditions of the present study, the optimum tilt angle is nearly the same as the latitude angle of
the location.
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Solar radiation flux (W/mz) G
Heat pipe HP

global horizontal solar irradiation I
sky clearance index KT

mass (kg) m

day number n
Photovoltaic/thermal PV/T
absorbed heat (kJ) Q
Radiation flux (W/mz) R
geometric coefficient Rb
temperature (°C) T

time (minute) t

Greek symbols

collector tilt angle f
difference A

surface azimuth angle y
latitude angle ¢

reflectivity p

regular incident angle 6
incident angle with =0 6,

Subscripts

air A

direct components of input radiation b
diffuse components of input radiation d
ground g

mass (kg) m

normal component n

outside o

optimum opt

Solar constant sc

total T

1. Introduction

By the growth of technology, the human lifestyle and the societies and the civilization the use of energy increased dramatically [1].
The major part of this need is met by traditional sources such as gas, oil, and petroleum and fossil fuels account for more than 80 % of
total energy consumption. The depletion of fossil based energy sources and their environment issues are the main derivations for
implementing different sustainable energy resources. Among renewable energy sources and by its great potential such as availability
and environment friendly, solar energy achieves the first rank. The Incident solar energy on the Earth is more than 200 times greater
than the annual total commercial power currently consumed by humans [2]. The direct application of solar energy could be made in
two forms solar thermal and solar electricity via the application of solar photovoltaic (PV) and collector panels, respectively. The solar
collector is a type of heat exchanger that absorbs the incoming solar radiation and then, transforms the absorbed heat to the working
fluid. Depending on the type of application, the augmented heat could be used directly or stored in storage systems for later usage
[3-5]. As the main component of the system the performance of solar thermal systems is greatly affected by the design and operation
characteristics of the solar collectors [6]. Flat plate, evacuated tube and heat pipe and photovoltaic/thermal (PV/T) [7] solar collectors
are the most popular types of solar collectors and their thermal performance has been investigated in different working conditions. In
every type of solar collector, the target is to catch the maximum possible solar irradiance or solar energy on the collector’s surface area.
Through different experimental [8] and numerical [9] works, it has been argued that between different parameters, the inclination
angle has a major effect on the performance of solar collectors. The best installation angle of the solar collector depends on the local
latitude and the sun tracking systems provide the normal-to-radiation situation. Elnaggar [10] employed the solar collector for the
purpose of water and space heating in Gaza strip and found the best inclination angle of 30 and 45° for the corresponding solar
collectors, respectively. In other work, he and coauthors [11] simulated the performance of a solar hot water system and found the
optimum tilt. They reported the dependency of useful energy gain of on the values of the tilt and incidence angles; the best angles is not
fixed all over the year instead it has different values that are subject to the season or months of the year. The sun-tracking systems yield
the highest solar energy efficiency. Through the state-of-art review on tracking systems, Mousazadeh et al. [12] found that by using the
sun tracker, the collected solar energy could be increased by 10-100 % depending on the period of the year. Compared to the fixed
system, Abdallah [13] reported a 43.87 % higher daily energy collection for the solar tracking system. By their relatively higher price,
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the solar tracking systems are employed less frequently and not recommended, particularly for using in small solar panels [12,14].
Instead and as the replacement, the optimum tilt angle installation has the advantage of not-involving tracking cost expenditure.
Through a numerical simulation, Despotovic et al. [15] demonstrated that compared to fixed-angle-mounted PV panels in Belgrade,
the annual yearly, seasonal and monthly energy yield for the panels positioned at optimum tilt angles increased by 5.98 %, 13.55 %
and 15.42 %, respectively. By changing the solar collectors’ tilt angle from the fixed value to the optimum one, Skeiker [16] found that
a gain of 30 % could be obtained. In Tabass city of Iran, by adjusting the tilt angle of PV panels to the optimum angle, the monthly,
seasonal, semi-yearly and yearly gain has been increased by 23.15 %, 21.55 %, 21.23 % and 13.76 %, respectively [17]. Sharma et al.
[18] investigated tilt angles for different months in Hamirpur, Himachal Pradesh, India. Several models were used to estimate the
monthly optimum tilt angles for this site. It was found that the M — 11 model, with three annual adjustments, estimates better than the
other models.

A heat pipe solar collector is a two-phase heat exchanger system. The HP solar collector with advantages over the other types of
solar collector including high overall efficiency, high heat transfer capability, resistance to freezing and low heat losses, no overheating
and fast start and resistance to high pressure and thermal shock, making them a suitable candidate for solar thermal systems [19]. The
performance of HP systems is affected by different parameters including the geometry, working fluid, filling ratio and inclination angle
[20]. Like the other types of solar collectors, the yield performance of the HP systems is the function of the tilt angle and orientation.
The optimum inclination angle of the HP for achieving the better heat transfer is usually not the same that for achieving the maximum
solar irradiation. The increasing and decreasing effect of the inclination angle on collector efficiency was reported by Hassan and
Hussein [21]. In this way, they demonstrated, for choosing the optimum inclination angle the effects of both heat transfer and solar
irradiance absorption should also be considered. Zhang et al. [21] investigated the performance of a photovoltaic/thermal (PV/T)
system in different tilt angles using a 3D numerical and experimental approach. The results demonstrated that the thickness of the
liquid film in the evaporator and condenser stabilizes at inclining conditions. Eventually, the obtained numerical and experimental
results demonstrated that the optimum inclination angle is 40°. Hu et al. [22] compared the performance of the wickless and wire
meshed HP in a PV/T solar system at different tilt angles under the same climate and solar conditions. They reported the higher
sensitivity of the wickless HP than the wire-meshed collector to changing the inclination angle. They also recommended the wire
meshed HP for latitudes less than 20° and the wickless HP systems for higher latitudes.

Considering the wide application of the heat pipe collector in solar thermal systems, improving the thermal efficiency of these
systems is a main goal. The highest solar radiation absorption would be naturally at a normal angle but it is usually not practical to
track the sun. Therefore, finding the best orientation for the achievement of the highest thermal efficiency is inevitable. Many studies
proposed various schemes for determining the optimum tilt angle for the solar collector’s installation in different latitudes [23,24].
Despite the efforts made for the estimation of optimum tilt angles, no definite value or method was accepted universally and the
proposed optimum angles for the same latitude differ for more than 15° [25], 10° [26] and +10° [27]. The literature review made by
the authors revealed that the experimental paralleled with theoretical study of HP collectors in country of Iran has not received much
attention. In this work, the optimum tilt angles of HP solar collectors in Isfahan, Iran investigated. The optimum tilt and surface az-
imuth angles are found for the investigated HP collector. Eight different tilts and thirteen different azimuth angles were investigated.
The work approach is theoretical which validated and optimized against the experimental result. The anisotropic sky model was
chosen for modeling the performance of the evacuated HP tube which is located in Isfahan city (63.2° Northern latitude) and its
accuracy verified against the experiment. The optimum orientation angle was then determined based on the employed model and
finally the correlations derived for different installation angles.

2. The theoretical background

For the estimation of global solar radiation on horizontal surfaces different models could be implemented. These models use the
climatic parameters as the inputs including sunshine duration, wind, humidity and temperatures conditions [28] and give the beam
and diffuse solar radiation incident on a horizontal surface. By determining these factors, the radiation over tilted surfaces could also
be driven which used to overcast the performances of tilted solar collectors. Total radiation incident on a tilted surface consists of three
components: beam radiation, diffuse radiation and ground reflected radiation. The beam component could be determined using a
simple relationship; moreover, the ground reflected radiation can be estimated using the isotropic model, but this is not the case for the
diffuse component, by the fact that diffuse radiation has no unique angle of incidence. There are various models which correlate the
diffuse radiation on a tilted surface to that on a horizontal surface and could be classified as isotropic and anisotropic sky models. Based
on isotropic models the radiation intensity is uniform over the sky. In this way, the incident diffuse radiation on the inclined surface is
dependent on the fraction of sky dome seen by it. However, the anisotropic models deal the sky radiation as an aisotrpic diffuse ra-
diation in the circumsolar region and the isotropic component from the rest of the sky dome [29]. In general, the diffused component of
radiation on tilted surfaces is the combination of isotropic, circumsolar and horizon brightening parts.

The hourly total radiation to the tilted surface located at the declination angle of p could be determined using the Hay model, as
given by Eq. (1) [25] which also validated experimentally [30,31];

I = (I + LiA)R, +1a(1 — AY) (W) +1Ip, (W) &)

in Eq. (1), I and Ry, represent the global horizontal solar irradiation and geometric coefficient, and subscripts b and d denote the direct
and diffuse components of input radiation, respectively; also, pg is the ground reflectivity or Albedo coefficient [32]. The diffuse ra-
diation portion is determined according to Erbs [33] by experimentally validated Eq. (2) [30,31];
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. 1—0.09K; for Ky <0.22
7‘1: 0.9511 — 0.1604K + 4.388K7 — 16.683K; + 12.336K; for 0.22 < K; < 0.8 (2)
0.165 for K7 > 0.8

The parameter Kt in Eq. (2) is the sky clearance index whose value depends on the latitude of location and the month, as listed in
Table 1 [30,31]. To determine the diffuse radiation, it is necessary to have the value of clear sky irradiation, (I) which is determined by

Eq. (3).
Kr=— 3)

The parameter “I,” in Eq. (3) is the outside-atmosphere solar radiation which is calculated according to Eq. (4) [34];
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In Eq. (4) ¢ is the latitude which is 32.6° and Gy is the solar constant whose value is 1367 W/m?. The parameter n demonstrates the day
of the experiment. The § angle is determined considering the day number (n) according to Eq. (5) [35].
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365 ®)
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The value of (w;) in Eq. (4) for two-time intervals of 10:30 to 12 and 11:30 to 12 is —2.5 and —7.5, respectively. Considering the
time interval of data acquisition wiz 5 min, the time angle of (w;) is obtained by adding (&) to ;. The solar beam radiation (I; in Eq.
(1)) is determined by subtracting the diffuse radiation (Eq. (2)) from total radiation (Eq. (3));

I=1-1, (6)

The Albedo coefficient, pg in Eq. (1), represents the reflective coefficient of the surrounding surface and its value depends on the
type of surface around the collector [25]; considering the ground-type mosaic flooring, the value of 0.2 taken for the magnitude of
albedo coefficient [36]. The geometric coefficient denotes the direct radiation on an inclined surface to that on the horizontal surface
and is given by Eq. (7).

cos 0
=
cos 0z

@)

The parameters 6 and 6, in Eq. (7) are the regular incident angle and incident angle with = 0 (Eq (9) and (10), respectively).

cos = (sin § X sin ¢ x cos ) — (sin § X cos ¢ x sin # X cos y) + (cos § X cos @ X cos ff X cos @)

+ (cos & x sin ¢ x sin f# X cos y X cos ®) + (cos § X sin B X sin y X sin @) 9

cos 07 = (sin & X sin @) + (cos 8 X cos ¢ X cos ) (10)
The parameter A; in Eq. (1) is determined using Eq. (11) having I and I, (from Eq. (7) and Eq. (4), respectively).

bn __Th 11

L, 1, (11

The solar irradiance received to the collector surface is obtained by multiplying the total solar radiation (Ir in Eq. (1)) by the
collector absorbing area. If the solar ray with the intensity of I incident to the collector surface, the energy absorbed by the infini-
tesimal normal area of dA, could be obtained by Eq. (12).

dQ, =dA, I, — / dQ, = / Ay, — 0y=A,, 12)

Considering that always half of the tube surface is posed directly to solar radiation (Fig. 1) the differential area of dA, and the
collector normal surface (A,) is determined using Eq. (13).

dA,,:Lxgxd/l - A,,:Lxlz—)/%dA:Lgn (13)

2

The total incident radiation could also be determined in a similar approach as specified in Eq. (14)

Table 1

The values of the sky clearance index for different months and latitude of 36.2°
Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
0.49 0.51 0.48 0.49 0.53 0.58 0.56 0.56 0.58 0.55 0.51 0.51
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Fig. 1. The incident direct beam to evacuated HP and the differential absorbing area.

dQr=dA,.Ir —’/dQT:/dAn-IT - Or=A,Ir (13)

The absorbed solar radiation would increase the water temperature by the value of AT (Eq. (14)), where the parameters Qr, mand c
are the absorbed solar radiation (kJ), the mass of water (kg) and specific heat capacity of water, respectively;

Qr =mcAT (14)

3. System description and methodology

The main component of the experimental setup is the evacuated heat pipe as shown in Fig. 1. The HP consists of two parts of the
inner copper tube and the outer evacuated glass tube. The HP is a wickless type whose length and outer diameter are 1800 mm and 430
mm, respectively.

To study the effect of inclination angle on the thermal performance of the system, the HP tubes are installed at specific angles using
the structure whose schematic and dimensions are depicted in Figs. 2 and 3. Also, to measure the heat absorption capacity of the tubes,
the well-insulated container of 1 L is connected to the top of the tubes where the copper tube of HP is inserted there (Fig. 4). The
thermal insulation is of polyethylene foam of 1.5 cm thickness which was wound around the container’s outer surface. Also, to measure
the instant temperature of the water the pre-calibrated glass thermometer is located inside the tank.

The experiments are organized in two separate groups; in the first stage, the beta angle (the inclination angle from the horizontal
surface) is the input parameter which varied between 10 and 80°, and at the second stage, the effect of azimuth angle between —90
(east direction) to +90° (west direction) was examined. The test time is on 21 December (11 January) and the measurement time is in
time intervals of 10:30 to 11:30 and 11:30 to 12:30 (symmetrical to solar noon); the quantities got and recorded every 5 min. To reveal
the effect of the collector angle, the tests of different angles should be performed under the same solar and weather conditions.
Therefore, for investigation the tilt angle effect, eight HP tubes and for the azimuth angle study 13 tubes were used as shown in Figs. 5
and 6, respectively. The water container of 1-L capacity is attached at the top of the tubes where the copper part of the HP tube is
inserted. To increase the accuracy of measurements, all tubes are covered against the sun before beginning the tests. By triggering the

Fig. 2. The employed evacuated HP in the experiments.
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Fig. 3. The schematic and dimensions of the employed structure for installing the HP collector.

Fig. 5. The experiment rig for tilt angle study, left: photographic view, right: collector positions from the top view.
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Fig. 6. The test rig for examining the surface azimuth angle, top: a photographic view, bottom: the position angles.

tests, the covers were removed simultaneously and the data acquisition begins by getting the temperatures every 5 min. The initial
water temperature inside the tanks is 26 °C and the location of experiments is at the city of Isfahan.

The geographical location of the Isfahan City lies within North Latitude 23°6’, East Longitude 51°3' and Altitude 1575 m at sea
level. The location of Isfahan is in the central portion of Iran (Fig. 7).

The climate of Isfahan is temperate with hot and dry summer and cool winter. The average maximum and minimum yearly
temperatures are 37 °C, and —7 °C, respectively. The total rainfall of the city is averagely 150 mm with the yearly relative humidity of
about 40 %. The average horizontal solar radiation during the cold and hot periods of year is 15.9 and 27.4 MJ/m2. The monthly
average total radiation and air temperature for the study location listed in Table 2 [31].

3.1. The uncertainty study

The uncertainty analysis is an important part of the experimental studies. In the present work, the independent parameters are the
tilt and surface azimuth angles and the dependent variable is the temperature. The uncertainty of the employed parameters along with
their range is shown in Table 3. The uncertainty values listed in Table 3 is in fact the sensitivity of the measuring devices divided by the
minimum value of the corresponding parameter recorded through the experiments.

3.2. Assumption, limitations and uncertainties of the results

The current work include two parts of experimental and theoretical sections; at first part the measuring process does not include
any assumption and the results may be applied at similar weather and climate conditions within the uncertainty of measuring devices
(as denoted in Table 2). For second part, the anisotropic sky radiation model could be employed for any weather conditions [29]; also,

Fig. 7. Location map of Isfahan city and Isfahan province in country of Iran.
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Table 2
The values of monthly average temperature and solar radiation for different months.
Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
Iy (MJ/m?) 13.4 19.01 19.86 21.58 26.25 30.06 29.92 28.97 25.71 30.35 16.8 13.6
Ta 3.4 6.2 10.7 16 21.1 26.5 29 27.4 23.3 17 10.1 5

Table 3
The values of maximum, minimum, and maximum uncertainty of involved parameters in this study.
Parameter Minimum Maximum Max. Uncertainty (%)
Tilt angle (5) 10 80 10 %
Azimuth angle () 12.3 33.2 6.7
Temperature (T) 0.24 0.71 2.3

the correctness of the model has been verified by comparing its results with the experimental ones. In other words, one of the aims of
this study is the verification of using this model for the analysis of HP solar collectors.

4. Results and discussion

The results are presented for two experimental schedules; the effect of varying the tilt angle and the orientation angle on heat
absorption of the HPs investigated separately by inspecting the time variation of hot water temperature. For comparison, in each case,
both the experimental and theoretical results were presented inside one diagram and the accuracy of the given model was examined.
After validating the model, the optimum orientation and tilt angles are extracted and the correlations are drawn.

4.1. The effect of tilt angle

The effect of tilt angle on system performance has been investigated by exposing the heat pipe at different tilt angles against the sun
and studying the time variation of stored hot water temperature. The investigated tilt angles are 10-80° with the interval of 10°; the
temperature history of water for the investigated tilt angles at two consecutive time intervals are shown in Figs. 8-18. It is worth noting
that in this stage, the heat pipe tubes are all positioned toward the south direction (y = 0) and also, the water temperature at different
times is determined via both experimental and theoretical approaches. By inspecting the variation of water temperature, an increasing
trend could be observed for all tilt angles. In the first stage of the experiments, the temperature increased with a higher inclination rate
than in the second stage, which is the result of the initial lower temperature of the water and the resulting higher heat transfer rate.
Although this trend is seen for all tilt angle, the inclination rates is higher at higher tilt angles; the temperature increase at the second-
time stage (from 60 to 77 min) is 5 °C and 22 °C in the case of 10 and 30° tilt angles, respectively. This behavior goes on until a tilt angle
of 30% by increasing the tilt angle from 30, the temperature inclination rate decreased again; for tilt angles of 50 and 80°, the tem-
perature increase is 19 and 16 °C, respectively. This behavior which could also be seen in the first stage shows that there is an optimum
tilt angle for which the system has the best performance. In other words, there is an optimum tilt angle for which the time rate of
temperature increase is the highest.

By comparing the values of water temperature obtained from the experimental and theoretical approaches some level of deviation
could be observed. The discrepancy between the measurement and theory is not the same at different tilt angles and two-time intervals.
In the first part of the experiment (first time interval) and for tilt angles below 20° (i.e. tilt angles of 10° and 20°), the experimental
values are higher than theoretical ones and for tilt angles of 30 and above, the reverse trend prevails. In the second time interval and for
tilt angles of 10 and 20, a specific common trend could not be distinguished but, for tilt angles of 30 and more, the experimental results
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Fig. 8. The time variation of water temperature at tilt angle of 10° in two consecutive time intervals.
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Fig. 9. The time variation of water temperature at a tilt angle of 20° in two consecutive time intervals.
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Fig. 10. The time variation of water temperature at tilt angle of 30° in two consecutive time intervals.
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Fig. 11. The time variation of water temperature at a tilt angle of 40° in two consecutive time intervals.

are higher than the theoretical ones in all cases. The average difference between the experimental and theoretical results for different
tilt angles at first and second-time intervals are shown in Figs. 14 and 15, respectively.

Despite the observed discrepancy between hot water temperatures obtained by the experiment and theory, the same variation
patterns of the two approaches show the good accuracy of the anisotropic sky model for estimating the thermal performance of heat
pipe collectors. The difference between the average water temperature obtained from the theoretical and experimental results for
different tilt angles, as illustrated in Figs. 14 and 15 shows that there is no full match between the theory and experiment and also, the
discrepancy differs for different tilt angles. The lower water temperatures of the experimental than the theoretical approach comes
from the tube’s heat loss to surroundings which has not been considered in calculations; this case is seen at higher-than-30° tilt angles
and first-time intervals; at these tilt angles, the incident radiation to collector surface is so high that results to relatively high water
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Fig. 14. The water temperature difference obtained from theory and experiment averaged between sampling times for different tilt angles at first-time interval.

temperature which increases the heat loss to surroundings. At the second time interval, the observed discrepancy is not so much and is
within the uncertainty of measurements. The percent difference between the experimental and theoretical results in this time interval
is depicted in Fig. 16; in this time interval, the difference between theoretical and experimental results averaged between different tilt
angles is 5 %. Another factor which could be stated as the reason of discrepancy between the experimental and theoretical results is the
assumption of direct radiation to HP and getting the half of collector surface area for determining the absorbed radiation (Fig. 1); by the
existence of both diffuse and ground reflected radiation in addition to direct radiation and their simultaneous effect on the absorbed
radiation, this unavoidable assumption would lead to some degree of error. And finally the difference between the inner glass and
copper tubes which absorb and transfer the absorbed heat to the water, respectively and has not considered in calculations.

T(C)

Fig. 12. The time variation of water temperature at tilt angle of 50° in two consecutive time intervals.

T(C)

Fig. 13. The time variation of water temperature at tilt angle of 60° in two consecutive time intervals.

Temperature difference (°C)

-10.00 |

-15.00

-20.00

80.00

70.00

60.00

50.00

40.00

30.00

20.00

10.00

0.00

80.00

70.00

60.00

50.00

40.00

30.00

20.00

10.00

15.00

Case

Studies in Thermal Engineering 55 (2024) 104083

Ist time interval (theo)

O Isttime interval (exp)

2nd time interval (theo)

A 2nd time interval (exp)

20

40 60 80 100 120
t (min)

Ist time interval (theo)

O Isttime interval (exp)

2nd time interval (theo)

A 2nd time interval (exp)

140

40 60 80 100 120
t (min)

140

10.00

5.00

0.00

-5.00

70 80

1ol

Tilt angle

10




D. Wei et al. Case Studies in Thermal Engineering 55 (2024) 104083

2.00
1.00 ’_‘
0.00

-2.00 |

-4.00

-5.00

Temperature difference (°C)

-6.00

Tilt angle

Fig. 15. The water temperature difference obtained from theory and experiment averaged between sampling times for different tilt angles at the second-time interval.
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Fig. 16. The water temperature difference percent between theory and experiment averaged between sampling times for different tilt angles at second time interval.
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Fig. 17. The time variation of water temperature at a tilt angle of 70° in two consecutive time intervals.

4.2. The effect of surface azimuth angle

The effect of changing the surface azimuth angle has been studied by installing the heat pipes at different azimuth angles; in these
cases, the fixed tilt angle of 45° was considered (Fig. 6). It is worth noting that the local south direction has been determined pre-
viously. The water temperature in cases of different azimuth angles of positive (west direction) and negative (east direction) angles is
shown in Figs. 19-30; for the sake of better comparison, the diagrams of positive and negative angles are shown in sequence for each
angle. By inspecting the figures, despite the ever-increasing of water temperature vs the time for all angles and at two-time intervals,
the inclination rate is different at different angles. The percent change of water temperature during the 1st and 2nd time intervals for
negative (East direction) and positive (West direction) are listed in Table 3.
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Fig. 18. The time variation of water temperature at tilt angle of 80° in two consecutive time intervals.
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Fig. 19. The time variation of water temperature at azimuth angle of 15° in two consecutive time intervals.
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Fig. 20. The time variation of water temperature at an azimuth angle of —15° in two consecutive time intervals.

By inspecting the percent change of water temperature in different angles, the higher temperature increment during the first time
interval could be observed; at an azimuth angle of —45°, the values of temperature percent change are 46 % and 3.3 % during the first
and second time intervals. The higher temperature change during the first than second-time interval could be attributed to the
relatively initial lower temperature of water which enhances the heat transfer absorption rate and results in higher temperature change
at this period. Moreover, although the water temperature increment rate is higher during the first time interval at all azimuth angles,
the difference between the temperature increment rate in the first and second time intervals is the highest at an angle of 45°. The
difference in behavior of water temperature change for azimuth angle of 45° could be is the result of lower temperature increase during
second time interval which is also the lowest between the other cases.
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Fig. 21. The time variation of water temperature at azimuth angle of 30° in two consecutive time intervals.
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Fig. 22. The time variation of water temperature at an azimuth angle of —30° in two consecutive time intervals.
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Fig. 23. The time variation of water temperature at an azimuth angle of 45° in two consecutive time intervals.

Another point that could be inferred by investigating the temperature variation at different azimuth angles is the highest rate of
temperature inclination rate in azimuth angle of 30° compared to other cases; as could be seen in Table 4, the total temperature change
through the experiment period for this case is 32.4 °C. The highest value of temperature change for the azimuth angle of 30° compared
to other angles could be attributed to the latitude angle of the location; in other words, the highest solar absorbance for the heat pipe is
for tilt angle and azimuth angles in the vicinity of latitude angle.

Another point that could be inferred by inspecting the figures is that in most cases, the measured water temperature is higher than
the theoretical ones at positive angles (west direction) and in the first time interval; the average water temperature during the first and
second time interval for different azimuth angles are shown in Table 5. This could be attributed to the effect of reflective radiation from
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Fig. 24. The time variation of water temperature at azimuth angle of —45° in two consecutive time intervals.
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Fig. 25. The time variation of water temperature at azimuth angle of 60° in two consecutive time intervals.
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Fig. 26. The time variation of water temperature at azimuth angle of —60° in two consecutive time intervals.

the ground surface which is the result of the close vicinity of the collector surface to the ground; during second-time interval and by
increasing the water temperature this difference becomes less and the obtained temperatures via the experimental and theoretical
approaches converge more.

4.3. The seasonal and yearly optimum tilt angle

After comparing the experimental and theoretical results and by approving the non-isotropic sky radiation as a reliable model for
thermal performance prediction of heat pipe solar collectors, the optimum yearly and seasonal tilt angle of solar collectors was ob-
tained at different latitudes angles located in the northern hemisphere and are listed in Table 6. The contents of this table were ob-
tained using the subroutine written in Matlab software which takes the mean day of season, latitude angle of location and the sky
clearance index (Table 1) as the inputs and gets the optimum tilt angle as the output.
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Fig. 27. The time variation of water temperature at an azimuth angle of 75° in two consecutive time intervals.
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Fig. 28. The time variation of water temperature at azimuth angle of —75° in two consecutive time intervals.
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Fig. 29. The time variation of water temperature at azimuth angle of 90° in two consecutive time intervals.

The variation of optimum tilt angle vs the latitude angle in different seasons and throughout the year is depicted in Fig. 31. As could
be seen the optimum tilt angle increased almost linearly by increasing the latitude angle; by increasing the latitude angle from 24° to
40°, the annual optimum tilt angle increased from 22° to 38°. Also, the optimum tilt angle is the highest for autumn and lowest for
spring; this could be attributed to the highest and lowest inclination angle of the sun ray for these two seasons, respectively. The
optimum tilt angle for each season and the whole year could also be correlated as the function of latitude angle as given by Eq. (15).
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Fig. 30. The time variation of water temperature at an azimuth angle of —90° in two consecutive time intervals.

Table 4

Percent change of measured water temperature during two-time intervals for different azimuth angles.
Angle%Change 15 —-15 30 -30 45 —45 60 —60 75 -75 90 -90
1st interval 44 35 54 47 50 46 38 37 42 37 31 38
2nd interval 9.1 9.1 10.8 9.1 5.9 3.3 4.3 7.5 14.5 5.9 12.3 5.7
total 26.6 22.1 32.4 28.1 28.0 24.7 21.2 22.3 28.3 21.5 21.7 21.9

Table 5

The average water temperature during two-time intervals for different azimuth angles obtained by direct measurement and calculations.

15 -15 30 -30 45 —45 60 —60 75 -75 90 -90

1st interval (theo) 57.2 61.1 52.2 58.0 54 53.6 58.7 60.9 50.3 59.8 54.9 59.6
1st interval (measu) 56.5 57.3 53.5 56.8 56.8 52.2 61.2 59.6 52.8 60.2 57.3 61.7
2nd interval (theo) 70.5 70.6 68.3 71.4 70.9 65.1 73.4 71.6 64.9 71.1 67.3 72.6
2nd interval (measu) 69.4 69.9 68.8 68.9 69.8 61.3 71.4 69.9 66.3 70.5 68.6 72

Table 6
The calculated optimum seasonal and yearly tilt angles for different northern latitudes of 24° — 40.°

Latitude angle Spring n = 135, Ky = 0.53 Summer n = 228, Ky = 0.56 Autumn n = 318, Kr = 0.51 Winter n = 47, Kr = 0.51 Yearly

24 5 11 40 34 22.5
26 7 13 42 36 24.5
28 9 15 44 38 26.5
30 10 17 46 40 28.25
32 12 19 48 42 30.25
34 14 21 50 44 32.25
36 16 23 52 46 34.25
38 18 25 54 48 36.25
40 20 27 56 50 38.25
@ — 18 spring
@ — 13 summer
Bop. = § @+ 16  autumn 15)

@+ 10  winter
@ — 1 annual

The variation of hourly total solar heat flux vs the azimuth angles in four seasons was also calculated and its variation is depicted in
Fig. 32. As shown, the highest value of incident radiation at each season took place at azimuth angle of zero which is toward the
southern direction. Furthermore, the highest and lowest sensitivity of incident solar radiation to change of azimuth angle is at autumn
and spring, respectively; by changing the direction collector surface from the west (90°) or east (—90°) to south (0°), the incident solar
heat flux changed by 38 % and 9 %, respectively. This could be attributed to more inclined solar radiation in autumn and less one in
spring which brings about these two different behaviors.

This section could be concluded by this result that firstly the performance of the HP solar collectors is a strong function of tilt angle
and relatively less dependent on the azimuth angle. By verifying the used model as the successful model for predicting thermal
performance of HP collectors, the optimum tilt angle for different seasons could be chosen as given by Eq. (15).
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Fig. 31. The variation of optimum tilt angle vs the latitude angle for different seasons and throughout the year.
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Fig. 32. The variation of hourly solar heat flux vs the azimuth angle.

5. Conclusion

Solar energy as a clean free source of energy, to be harvested effectively, requires the solar collector. The heat pipe solar collector
with its large benefits over the other types draws large attention. The thermal performance of a solar heat pipe collector was studied via
experimental and theoretical approaches. The performance of a heat pipe collector in different tilt and azimuth angles were inves-
tigated in location of the Isfahan city, Iran. The anisotropic sky model was selected as a theoretical model and the obtained experi-
mental results were compared to theoretical ones. After approving the model, the optimum seasonal and yearly tilt angles were
calculated and the correlation was also drawn. The finding could be used to improve the design of heat pipe solar collector and the
proper orientation for the achievement of best performance. Also, for the conditions of present experimental study, which is in
northern hemisphere, the correlation of optimum tilt and azimuth angle could be implemented. The obtained results could be sum-
marized as follows.

- Despite the observed discrepancy between the water temperatures obtained by the experiment and theory, the same variation
patterns of the two approaches show the good accuracy of the anisotropic sky model for estimating the thermal performance of heat
pipe collectors.

- The lower water temperatures of the experimental than a theoretical approach could be attributed to tube heat loss to surroundings
which has not been considered in calculations; also, the ground reflected coefficient makes some discrepancy. This case is seen at
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higher-than-30° tilt angles and first-time intervals. The difference between theoretical and experimental results averaged between
different tilt angles is 5 %.

Through spring and summer, the optimum tilt angle is somewhat less and through autumn and winter the optimum tilt angle is
beyond the latitude angle with the largest difference in spring and autumn. Also, for the whole year and under the conditions of the
present study, the optimum tilt angle is nearly the same as the latitude angle of the location.

The calculations show that under the conditions of the present study, the optimum zenith angle is toward the southern direction.
For the future works, studying the effect of different orientation angles of HP collector on the influencing factors of natural con-
vection inside the collector is recommended.
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